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MEGASONIC CLEANER AND DRYER SYSTEM 

Background of the Invention 

Field of the Invention 

5 This invention relates to an apparatus and method for cleaning semiconduclDr substrates or other 

such itenis requiring extreniely high levels of cleanliness. 
Description of the Related Art 

Semiconductor substrates can be cleaned by propagating acoustic energy, such as megasonic 
energy, into a layer of cleaning solution on the surface of the substrate. Megasonic cleaning systems use this 
10 cleaning solution layer to propagate megasonic energy, i.e. acoustic energy at frequencies much greater than 
ultrasonic. This energy is directed toward flie surface of the substrate and thereby removes, safely and 
effectiveiy, particles from the substrate surfece without the negative side effeds associated with uHrasoiuc 
cleaning. 

In the past, such cleaning systems have been designed to process substrates in batches, typically 
15 cleaning 25 substrate at once. The benefit of this batch cleaning became less important as substrate size 
increased because single substrate capacity increiased. Also, substrate processors began working with more 
delicate devices, which required more careful handling than was possible in batch cleaning. The jgneater 
value per substrate and the more delicate nature of the devices produced on the substrates created a great 
need for sirigte wafer processing equipment 
20 Singte substrate megasonic cleaning equipment for processing the larger substrates carrying more 

delicate devices have been developed to nieiet this One such singfe substrate cleaning system 

incorporates a probe and a transducer and is described in U.S. Patent No. 6,140,744 and commendally 
available from Verteq Inc. of Sante Ana, California. One cleaning apparatus described therein compfises an 
elongate probe configured to propagate niegasonic energy to a surfa^ 
25 of liquid extending between the probe and the substrate. Because the energy is. transmitted through a 
meniscus of liquid, the process is a "wet" process and it requires the probe to be positioned very dose to the 
substrate surfeoe. 

After this "wef cleaning process, the substrate must be dried prior to fiirtlier processing. Various 
meOiods of drying the substrate have been tried and have generally involved spinning the substrate and 

30 thereby forcing the liquid off the substrate surfece via centrifugal forces arising from the spinning. 
Unfortunately, this drying method has its drawbacks, such as the tendency of liquid on a surface to leave 
behind residue, e.g. water spote. In the past, such spots were not of great concern to the simpter devices 
being produced on the substrates. However, as already mentioned, the devices processed on substrates 
have become more delicate, and therefore more sensitive to contaminante of all kinds, including water spote. 

35 Moreover, substrate processors have become more aware of sources of process variatton, virhteh translate 
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into variation in performance of the devices and yield variation. One such source of these variatfons is 
contaminants, including drying residue. Therefore, careful control of the drying conditions has been 
investigated by some. 

European patent application publication EP0905747A1 to IMEC discloses a drying apparatus that 
5 exploits rotational and Marangoni effects to improve drying perfonnance. As mentioned abow, the rotation of 
the substrate subjects the liquid to centrifugal forces, which tend to force the liquid from fte center of the 
substrate toward its edge, and ultimately off of the surface. Simultaneously, a surfeoe tension reducing vapor 
creates the so called Marangoni effect that reduces the tendency of the liquid to adhere to the substrate 
surface, i.e, reduces the liquid surface tension. This reduces the tendency of the liquki to remain on the 

10 substrate surface long enough to evaporate from the surface and therefore helps to produce a residue fiBe 
drying process. While the II^EC apparatus has achieved satisfactory substrate drying rreuKs in the 
laboratory, tlie concept has not been implemented into a commercial application. 

Another issue presented by wet spin cleaning and drying of substrates Is the containment and 
disposal of the process liquids Involved, for example, varfous acids, bases, soh^nls, and de-lonlzed water. 

15 Some of these liquids may harm workers or damage other equipment In the vicinity of the cleaning ^paratus 
If the workera or equipment come into contact with the process Ikjuids. Thus, full containment and removal of 
the process liquids is necessary to maintain a safe working environment and protect valuable equipment 

However, a critical design consideration for any machine in substrate processing Is process time, or 
through-puL This is in part because substrate processing must be done In very clean, and thus very 

20 expensive, fabrication facilities. As a result, substrate processors prefer to maximbe the output of existing 
facilities rather than expanding those facilities or building new ones. Thus, fast throughrput is prefened. 

Therefore, a need existe for an improved cleaning method and apparatus that will Improve the drying 
performance in a single wafer processing application and will improve throughput for performing substrate 
cleaning and drying operations. 

25 Summary of the Invention 

In one embodiment, the present invention is a method of cleaning arid drying a generally flat 
substrate positioned on a roteteble support is provided. A transmitter is positioned dosely spaced above an 
upper surface of the substrate. Fluid is applied to ttie substrate to create a meniscus between the transmitter 
and the rotating substrate. Megasonic energy is applied to tiie transmitter to cause H to propagate megasonic 

30 energy through the meniscus to ttie substrate to loosen particles on tiie substrate while tte substrate is 
rotating at a first rate. The transmitter is retracted. A substrate drying assembly support anm of a substrate 
drying assembly is moved into position closely spaced above ttie substrate. The substrate drying assembly 
includes an outiet for applying liquid to ttie upper surface of ttie substrate and includes an outtet for applying a 
drying vapor to ttie upper surface of ttie substrate. The substrate drying assembly support arm is moved Into 

35 place as ttie transmitter is being retracted. 
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In another embodiment, a method of cleaning and drying a generally flat substrate positioned on a 
rotatable support is provided. A surface of the substrate is cleaned. A substrate drying assembly support ami 
of a substrate drying assembly is moved into position closely spaced above the substrate. The substrate 
drying assembly includes an outlet for applying liquid to the upper surface of the substrate and Includes an 
5 outlet for applying a drying vapor to the upper surface of the substrate. The substrate drying assembly 
support anm is retracted radially outwardly at a retraction rate to a periphery of the substrate viihile liquid is 
applied to the substrate flirough the liquid outtet Then, the dryinjg vapor is applied to tiie substrate to dry the 
substrate. The substrate drying assembly support arm is retracted at a substrate-center letractton rate hmt 
the center of the substrate and a substrate-periphery retraction rate near the periphery of the substrate. The 

10 sul^trate-center retraction rate is fester than the substratei}enph 

In another embodiment, a method of cleaning and drying a generally flat substrate positioned on a 
rotateble support is provided. A surface of the substrate is cleaned. A substrate drying assembly support arm 
of a substrate dryirig assembly is moved into position closely spaced above the substrate. The substrate 
drying assembly includes an outlet for appl^ng liquid to the upper surface of the substrate and includes an 

15 outlet for applying a drying vapor to the upper surface of the substrate. The substrate drying assiembly 
support ami is retracted radially outwardly at a retraction rate to a periphery of the substrate white liquid Is 
applied to the substrate through the liquid outtet Then, the drying vapor is applied to the substrate to dry the 
substrate. At a location between ttie center of tiie substrate and tiie periphery of the substrate, the retraction 
rate of the substrate drying assembly support arrri is greater than the retraction rate near the center of ttie 

20 substrate and greater tf^n tiie retraction rate near the periphery of ttie substrate. 

In anoflier embodinftent, a method of cleaning and drying a generally flat substrate positioned on a 
rotatebte support is provided. A surface of ttie substrate Is cleaned. A substrate dr^ng assembly support ami 
of a substrate drying assembly is moved into position closely spaced above ttie substrate. The substrate 
drying assembly includes an outiet for applying liquid to the upper surface of ttie substrate and includes an 

25 outiet for applying a drying vapor to the upper surface of the substrate. The substrate drying assenibly 
support arm is retracted radially outwardly at a retraction rate to a periphery of ttie substrate while liquid is 
applted to ttie substrate ttirough ttie liquid oiiflet Then, ttie drying vapor is applied to ttie substrate to diy ttie 
substrate. The substrate is rotated In a range between about 50 rpm and about 1 ,000 rpm white the rettaction 
rate is in ttie range between about 1 mm per second and about 20 mm per second. 

30 In anottier embodiment, a mettiod of drying a generally flat substrate tiiat has been cleaned Is 

provided, virtiere the substrate has been positioned on a roteteble support. At teast one of a blanket substtate 
drying process window if the substrate has a blanket portion or a patterned substtate drying process window If 
the substrate has a patterned portion is selected. A substrate drying assembly support ami of a substtate 
drying assembly Is moved into position closely spaced above ttie substrate. The substrate drying assembly 

35 includes an outiet for applying liquid to an upper surface of ttie substrate and includes an outiet for applying a 
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drying vapor to the upper surface of the substrate. The substrate is rotated. The substrate drying assemlrfy 
support arm is retracted radially outwardly according to the selected drying process window to a periphery of 
the substrate while liquid is applied to the substrate through the liquid applying outlet, Then, the drying vapor . 
being applied to the substrate to dry the substrate. 
5 In another embodiment, a method of drying a generally flat substrate that has been cleaned Is 

provided, where the substrate is positioned on a rotatable support A substrate drying assembly support ann 
of a substrate drying assembly is moved into position closely spaced above th^ substrate. The substrate 
drying assembly Includes an outlet for applying liquid to an upper surface of the substrate and includes an 
outlet for applying a drying vapor to the upper surtece of the substrate. The sul)strate drying assembly 

10 support ami Is retracted radially outwardly at a retraction rate to a periphery of, the substrata while liquid Is 
being applied to the substrate through the liquid applying ouflet Then, the dryirig vapor ts applied to the 
substrate to dry the substrate. The substrate drying assembly support anm is retracted at a substifate-center 
retraction rate near ttie center of the substrate and a substrate-periphery netraction rate neaf the periphery of 
the substrate. The substrate-center retraction rate is tester than the substrate-periphery letaapHbn rate. 

15 In anottier erhbodiment an apparatus for cleaning and drying a generally flat substrate Include a 

substrate support positioned wifliin a process bowl, a transmitter, a fluid dispenser, a substrate drying 
assembly, and a controller. The transmitter is configured to be spaced above the substrate, to propagate 
megasonic energy, and to be extendable into and outof ttie process bowl. The fluid dlsper^er applies fluid to 
a surface of ttie substrate. The substrate drying assembly is configured to be spaced above ttie substrate. 

20 The substrate drying assembly includes an outtet for applying liquid to an upper siirbce of the substrate and 
an outiet for applying a drying vapor to the upper surteoe of ttie substrate. The subsftate drjong assembly is 
extendable into and out of ttie process bowl. The controller causes tiie transmitter and the substrate drying 
assembly to be extended from ttie edge of ttie process bowl to a position over ttie surteoe of ttie substrate, 
and causes the transmitter to be retracted from ttie process bowl as ttie substrate dryir^ assembly is being 

25 extended. , 

In another embodiment, an apparatus for cleaning and drying, a generally flat substrate comprises a 
roteteble support for supporting ttie substrate, a transmitter, a fluid dispenser, a subsbate drying aissembly, 
and a controller. The rotatable support is positioned wittiin a process bowl. The transmitter is configured to 
be spaced above flie substrate, to propagate megasonic energy, and to be extendable into and out of the 

30 process bowl. The fluid dispenser applies fluid to a surface of ttie substiate. The subsbate drying assembly 
is configured to be spaced above ttie subsbate. The substrate drying assembly Includes an ouflet for 
applying liquid to an upper surface of ttie subsbate and an outiet for applying a drying vapor to the upper 
surface of ttie substrate. The substrate drying assembly is configured to be extendabte Into and out of the 
process bowl. The conboller causes ttie bansmltter and ttie subsbate drying assembly to be extended from 

35 the edge of ttie process bowl to a position over the surface of ttie subsbate. The conboller also causes ttie 
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transmitter and the substrate drying assembly to be retracted from a position over the surface of the substrate 
to the edge of the process bowl. The controller also causes the substrate to be rota^ in a range of rates 
between about 50 revolutions per minute and about 1,000 revolutions per minute during the drying of the 
upper surface of the substrate. The controller also causes the substrate drying assembly to be retracted in a 
5 range of rates betmen about 1 mm per secofid arid about ^ mm per second. 

In another embodiment, an apparatus for drying a generally flat substrate that has been cleaned 
includes a rotatable support for supporting the substrate, a substrate drying assembly, and a controller. The 
substrate drying assembly includes an outlet tor applying liquid to an upper surface of the substrate and an 
outlet for applying a drying vapor to the upper surface of the substrate. The substrate drying assembly Is 

10 configured to position the liquid applying outlet and to positipn the vapor applying outtet above a portion of the 
substrate. The controller causes the substrate drying assembly to be retracted over ttie surface of the 
substrate at a range of rates up to and including a maximum rate. The rnaximum rate Is increased as the <^ 
at which toe substrate is rotated is increased by about 0.5 mm per second for at>out each 100 Increase tn the 
revolutions per minute of the rotetion of the substrate. The contapller also is configured to cause the rotateUe 

15 support to change the rate of rotetion of the substrate while the substrate drying assembly is over toe 
substrate. 

In another embodiment an apparatus for drying a generally flat substrate that has been cleaned 
includes a roteteble support for supporting toe substrate, a substrate drying assembly, and a controller. The 
substrate drying assembly includes an outlet for applying liquid to an upper surface of the substrate and an 

20 outlet for applying a drying vapor to toe upper surface of toe substrate. The substrate drying assembly is 
configured to position the liquid applying outlet and to position toe vapor applyirig ouflet above a portion of the 
substrate. The controlter applies at least one of a patterned substrate process window of a blanket substrate 
process window, causes the substrate drying assembly to be retracted over the surface of the substrate^ and 
causes the rotetebte support to change toe rate of rotatton of toe substrate while the substrate drying 

25 assembly is over the substrate. 

In anotoer embodimerit; an apparatos for drying a generally flat substrate that has been cleaned 
includes a rotatable support for supporting the substrate, a substrate drying assembly, and a controlter. The 
substrate drying assembly includes a substrate drying assembly support arm, an outtet for applying liquid to 
an upper surfaoe of toe substrate, and an outlet for applying a drying vapor to the upper surface of the 

30 substrate. The substrate drying assembly is configured to position toe liquid applying outtet and to position 
the vapor applying outlet above a portion of toe substrate. The controller causes toe substrate to be rotated in 
a range of rates between about 50 revolutions per minute and about 1,000 revolutions per minute during the 
drying of the upper surface of toe substrate. The controller causes toe substrate drying assembly support ann 
in a range of retraction rates between about 1 mm per second and about 20 mm per second. 
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In another embodiment an apparatus for drying a generally flat substrate that has been cleaned has 
a rotatable support for supporting the substrate, a substrate drying assembly, and a controller. The substrate 
drying assembly includes a substrate drying assembly support ami, an outlet for applying liquid to ari upper 
surface of the substrate, and an outlet for applying a drying vapor to the upper surface of tte substrate. The 
5 substrate drying assembly is configured to position the liquid applying outtet and to position the vapor 
applying outlet above a portion of the substrate. The controller causes the substrate drying assembly to be 
retracted over the upper surface of the substrate at a faster rate near a center of the subsbrate than near a 
periphery of the substrate. 

In another embodiment, an apparatus for drying a generally flat substrate that has be^n cleaned 
10 Includes a rotetable support for supporting the substrate, a substrate drying assembly, and a splashguard. 
The roteteble support is rotateble at a first rate and a second rate, the second rate being much greater than 
the first rate. The substrate drying assembly includes an outlet for applying liquid to an upper surface of the 
substrate and an outlet for applying a drying vaipor to the upper surface of the substrate. The splashguard 
prevents splash-back onto the substrate when the rotateble support Is rotating ^ 
15 Brief Description of the Drawings 

Rgure 1 is a schematic isometric view of one embodiment of the substrate cteaning apparatus. 

Figure 2 is a schematic top view of one embodiment of a precessing chamber shovying a liquid 
dispenser location map for the substrate cleaning apparatus of Figure 1 . 

Figure 3A is a cress-sectional vi^w of one embodiment of tiie processsing chamber of Figure 2 talcen 
20 along section lines 3A- 3A. Figure SB is a cross-section view of one embodiment of the processing chamber 
of Figure 2 token along section lines SB - SB. 

Figure 4A is a schematic top view of the multi-dispenser rinsing configuration ofFigurel. 

Figure 4B is a schematic side view of a multi-dispenser rinsing configuration of the cleaning 
apparatus of Figure 4A. 

25 Figure 5 is a top view of one embodiment of tiie substrate cleaning apparatus. 

Figure 6 is a isometric view of one embodiment of the substrate cleaning apparatus with tiie 
component cover removed and a portion of ttie removable decktop cut away. 

Figure 7 is side elevation view of one embodiment of the substrate chuck and servomotor assembly. 
Figure 8 is a top view of one embodiment of tiie substrate chuck and servo motor assembly of Figure 

30 7. 

Figure 9A is an isometric view of one embodiment of ttie substrate chuck assembly of the substrate 
cleaning system. 

Figure 9B is an isometric view of one embodiment of an open center chuck of the substrate chuck 
assembly shown in Figure 9A. 
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Figure 10 is an isometric view of one embodiiDent of the process bowl of one embodiment of the 
substrate cleaning apparatus. 

Figures 11A-11C are side elevation views of one embodiment of the moveable splash guard in 
various process positions with the process bowl shown in phantom. 
5 Figure 12 is a partial view of one embodiment of the substrate chuck and moveable splash guard 

with the splash guard shown in cross-section. 

Figure 13 is a partial top view of one embodiment of the processing, chamber of the substrate 
cleaning apparatus showing the trajectory of cleaning liquids. 

Rgure 14 is an isometric view of one embodirnent of a mesh-type splash gi^ 
10 Figure 15 shows a drive module in Isometric view. 

Figure 16 sho>A^ an isometric view of one embodiment of the drive rnodirie Ibr a substrate drying 
assembly. 

Figure 17 shows a control strategy applied by the drive 

Figure 18 shows a control strategy implemented by the drive module for another example processing 

15 method. 

Figure 19 shows a control strategy implemented by the drive module for another example processing 
method applied to the drying assembly. 

Figure 20 shows a flow chart of one exemplary control strategy for cleaning and drying using the 
cleaning apparatus of the present invention. 
20 Figure 21 shows a two-dimensional graph of pattemed and blanket substrate process windows that 

relate the drying head retraction rate to the rotetional speed of the substrate. 

Figure 22A shows a two-zone drying head retraction rate map. 

Figure 22B shows a three-zone drying head retraction rate map. 

Figure 23 shows a side elevation view of a stackable configuration of one embodiment of the 
25 substrate cleaning apparatus. 

Figure 24 shows a schematic perspective view of one embodiment of the stackable configuratton 
substrate cleaning apparatus in a mounting system from the front skle of the api^srat^ 

Figure 25 shows a schematic perspective view of one embodiment of the stackable configuratton 
substrate cleaning apparatus in the mounting system from the rear side of the apparatus. 
30 Detailed Descriotion of the Prefened Embodiment 

Figures 1-6 illustrate one embodiment of a megasonic energy cleaning and drying apparatus 100 
made in accordance with the present invention with a containnient plenum 102 below and supporting an 
assembly main reference plate (shown in Figures 6-8, 9-1 1C), which Is nested underneath a removable 
decktop 104. A process bowl 106 is mounted within the containment plenum 102 and extends through a cut- 
35 out in the decktop 104. The bowl 106, vrfitoh Is preferably cylindrical or any other suitable shape, has a 
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vertical portion that extends through the decktop cut-out to a desired height The decktop cut-out is preferably 
the same shape as the bowl 1 06. 

A plurality of dispensers 108 are mounted to the vertical portion of the bowl 106, i.e. the bowl side 
wall, and extend toward the bowl's center. Each of the dispensers 108 has an outlet through which fluid is 
5 dispensed. These dispensers 1 08 may be pivotably mounted to bracl^ets which have ttie shape of an inverted 
"J", the inside curve of which is configured to receive the top surface of the bowl. In this way, the elevation of 
. the dispenser may be fixed. The dispensers 108 are connected to gas or liquid supply lines {not shown) 
which provide cleaning media to the surface desired to be cleaned. The position of the dispensers with 
respect to the other components is relates to controlling the cleanjng operation in some embodiments, and will 

10 be discussed In more detail below. 

A substrate chuck 1 10 of a substrate chuck assembly 1 1 2 is also positioned within the process bowl 
106 and is configured to receive and support a substrate 114 during processing in the cleaning apparatus 100 
(See Figures 7, 9B and 12). The chuck 1 10 and the dispensers 108 are positioned relative to one anottier so 
that when the substrate 1 14 is positioned on the chuck 1 10 the cleaning media dispensed by tfie dispensers 

15 108 may be directed onto a surface of the substrate 114. The chuck 110 is rotateble with respect to the 
process bowl, as discussed in more detail below in connectton with Figures 7 and 8. As shown in Figures 1 
and 6, the substrate is rotated on the chuck 110 as indicated by annows 116 during processing in the 
apparatus 100. The direction of the arrows 116 is not intended to indicate that the substrate 114 may be 
rotated in only one directton. The substrate may be rotated in fte direction opposite to ftat shown in Figures 

20 1 and 6 in accordance with the wafer cleaning and drying assembly 1 00. 

The side wall of the bowl 106 near the reaRnqst portion of the bowl comprises at least one aperture. 
These apertures provkte access to the processing chamber of the process bowl 106 for any of a number of 
processing devtees, e.g., the aperture provides access for a cleaning assembly 1 1 8 and /or a substrate drying 
assembly 120, also rcfened to herein as the drying assembly 120. There may also be two or more apertures 

25 in the rear portion sidewall, one to provide access for the drying assembly 120 and orie to provkte acoess for 
the cleaning assembly 118. Other su'rtable processing devices can also be incorporated into the apparatos 
100. 

The cleaning assembly 118 may include a rod-like probe coupled to a megasonte transducer. As 
mentioned above, a rod-like probe coupled to a megasonic transducer is described in more detail In U.S. 

30 Patent No. 6,140.744, whfch Is hereby incorporated by reference. As described therein, a probe 122 is 
configured to propagate megasonic energy to the surface of the substrate 1 14 by way of a meniscus of lk|uki 
extending between the probe and the substrate 114 to loosen partfcles on the substrate. The probe 122 must 
be positioned cbse enough to the substrate 114 so that a meniscus of liquid extends between the probe and 
ttie substrate. Preferably this distence is about one-tentti of an inch, or about 2.5 millimeters, creating a 

35 meniscus of the same height except that the liquid also covers a small lower edge of the probe. In one fonn 
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of the invention, the liquid fonning the meniscus is applied to tiie surface of the substrate 114 by suitable 
dispensers 108. Although a rod-like probe is illustrated in connection with the prefenol etnbodiment 
. . described herein, a transmitter of any suitable shape will also work. 

Control of the liquid interface between the probe 122 and the substrate 114 (the meniscus) can 
5 enhance the cleaning performance of the cleaning and drying apparatus 100. There are several variables 
which influence the amount of energy thai may be propagated through the liqidd to the surface of the 
subsfrate 1 14, including the height of the menlsais, the absence or presence of surface waves impacting the 
probe 122, the fluid flow properties of the cleaning media, the ablBty to dispense the deapirig media In a 
pulsing (l.e., a flow-rate variable) fashion, ttie frequency of the acoustic energy wiled to the probe, the 
10 availability of a dispenser to apply a loading media to ttie probe 122 to dampen the energy erf the piobe, and 
other factors. 

The acoustic energy propagated through the meniscus can be contnoiled by carefully. po^oning tiie 
cleaning liquid dispensers so ttiat tiie liquid that they dispense does not substantially interfiere virith the 
operation of ttie probe. Such interierence can occur, for example, when the thfcKness of ttie meniscus 

15 proximate the probe varies substantially. This can occur, for example, If surfam waves are created 

liquid meniscus proximate ttie probe 1 22. One way to reduce the interference of the dispensed liquk) with the 
propagation of energy is to position ttie dispensers so tfiat ttie dispenser nozzles dfeperise ttie cleaning lk]uid 
onto a portion of ttie substrate that is not near ttie probe. The dispensers 108 may be positioned at any 
desired location around ttie circumference of ttie bowl 106, and tiieir location may be defined as a number of 

20 degrees between 0 and 360 witti respect to a reference location, such as ttie probe 122 forming a part of ttie 
cleaning assembly 118. More specifically. If ttie probe 122 is ttie reference location, flien 90 degrees is ttie 
location that is orie-quarter the way around ttie bovirt 106 from ttie probe In ttie clockwise direction as viewed 
from the top. 

Propagation of energy ttirough the meniscus can be controlled by creating a liquid dispenser location 
25 map for the substratie cleaning apparatus 100. A dispenser location map can be created by dhfiding ttie 360 
degree range of cleaning dispenser locations around the drcumference of the bowl 106 into at least two 
circumferential zones. The circumferential zones may or may riot be physically distirict features of ttie 
process bowl 106. In one preferred embodiment, tiie range of nozzle positions is dhrided Into five 
circumferential zones (see Figure 2). A zone 150 can Include ttie position of ttie probe 122/l.e., ttie reference 
30 location at zero degrees. The zone 150 could extend clockwise around the bowl lOiS from about 315 degrees 
to about 90 degrees. A zone 152 can be located adjacent to flie zone 150, extending dockvwse around ttie 
bowl 106 from about 270 degrees to about 315 degrees. A zone 154 can be located adjacent to ttie zone 
152, extending clockwise around ttie bowl 106 from about 235 degrees to about 270 degrees. A zone 156 
can be tocated adjacent to tiie zone 154, extending clockwise around the bowl 106 from about 135 degrees to 
35 about 235 degrees. A zone 158 is located between ttie zone 156 and ttie zone 150. extending from about 90 

-9- 



ISOOCID: <WO_0210179SA^L> 



wo 02/101795 



PCTAJS02/18761 



degrees to about 135 degrees. In one embodiment, ttie cleaning fluid dispensers 108 are positioned in any of 
the zones 152, 154, 156, or 158. More preferably, the cleaning fluid dispensers 108 are positioned in any of 
zones 154, 156, or 158. Still more preferably, the cleaning fluid dispensers are positioned In eitiijsr zone 154 
orzone158. 

5 In anottier variation, tiie zone 150 can be subdivided into two sub-zones. The first sub-zone extends 

clocicwise from about 315 degrees to about 45 degrees, and tiie second sub-zone extends from about 45 
degrees to about 90 degrees. In tiiis embodiment, tiie cleaning fluid dispensers 108 are positioned in aiiy of 
tiie zones 152. 154, 156, 158, or tiie second sub-zone of tiie zone 150 extending from about 45 degrees to 
about 90 degrees. More preferably, tiie cleaning fluid dispensere 108 are positioned in any of zones 154, 

10 156, or 158. Stall more preferably, tiie cleaning fluid dispensers are positioned in either zone 154 or zone 158. 

The cleaning fluid dispensers 108 dispense liquid in a direction that is preferably generally 
perpendicular to a vertical plane passing flirough the longitudinal axis of the probe 122. However, the 
dispensers nnay be made adjustable to a range of dispense angles witti respect to the probe. For example, 
tire dispensers 108 can be rotated about a vertical axis pasising through the base of the dispenser 108. The 

IS range of rotation can be about thirty degrees to tiie right of and about thirty degrees to the left of a horizontal 
line perpendicular to tiie vertical plane passing through the probe 122. This may improve the control of the 
meniscus in one or more of tiie radial zones 152-158. For example, in tiie zone 152, an angle of thirty 
degrees to the right of tiie horizontal line perpendicular to the vertical plane passing tiirough the probe 122 
may be preferred. 

20 As shown in Rgures 2 and 3A, a transmitter-loading dispenser 109 can be configured to dispense 

liquid djrectiy onto the probe 122. The dispenser 109 is preferably located in zone ISO. Liquid applied to the 
probe 122 tiirough thd dispenser 109 preferably is collected in a drain or in a re-drculation basin (not shown). 
The liquid applied through tiie dispenser 109 can be eitiier de-ionized water, or one of many known chemical 
treatanents, such as an ammonia peroxide mbcture. The dispenser 109 can be used to dampen the 

25 megasonic energy in tiie probe 122. This technique is refenred to as "loading" the probed The probe 122 is 
preferably loaded by applying liquid to it from tiie dispenser 109 at a radial position between tiie edge of the 
substrate and the inner wall of tiie process bowl 106. The cleaning apparatus 100 preferably has control 
systems capable of either loading or not loading tfie probe, as required. Loading tiie probe draws some of the 
megasonic energy out of tiie probe and directs it away from tiie surface of tiie substrate 114. This may 

30 improve tiie cleaning because some devices formed on the surface of the substrate 114 may be too sensitive 
to clean witiiout dampening. The application of liquid from the dispenser 109 can reduce damage to such 
devices while still enabling cleaning for some applications. This technique can be used in combination with 
otiier techniques, such as changing the applied power, frequency, and energy directivity of the probe, to 
contaol damage. By applying liquid to the probe from the dispenser 109, tiie throughput of tiie substrate 
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cleaning process can also be reduced because the time required for the probe 122 to contact the liquid on the 
surface of the substrate can be reduced. 

The dispenser 109 in the apparatus 100 provides several advantages. One advantage related to the 
probe dampening described above involves tuning the probe 122. Each probe has slightly different cleanir^ 
5 perfonnance. As a result, prior to installing the probe into the apparatus TOO, the. piobe 122 pieferably is 
tuned. Furthenmone, a specific substrate type used by a customer may be very sensifive to the eneigy applied 
to it and, as a result, too much (snergy could cause damage to that type of substrate; Aooprdingly, the probe 
122 may need to be tuned to the customer's substrate type. Probe tuning involves operating the probe at a 
variety of frequency to find the frequency that provides the best cleaning perfonmance. ^mefimes, however, 
10 adjusting the frequency of the power applied to the probe 122 does not provide enough tuning r^iuSon, l.e„ 
adjacent frequency siteps are too large to produce the desired cleaning performanoe. In that case, the probe 
dampening technique described above can be used in combination with frequency adjusbnents to properly 
tiine the probe. 

As mentioned above, it is desirable to reduce throughput for cleaning substrates on the apparati^ 
IS 100. As discussed in more detail betow, in conriection with Rgure 20, the pirobie Is extendatrie irdp and 
retractabie out of the bow) 106. The dispenser 109 advantageously improves throughfxit by enabling the 
probe 122 to apply megasonic energy to the substrate while it is being extended over the substrate. By 
applying liquid to the probe 122 from the dispenser 109, the amount of power transrnitled through the 
meniscus can be scaled to prevent damage to delicate structures on the surface, to account for tlie lower area 
20 of contact between the probe and the liquid, or to othenvise scale the effecDve power as needed. This 
improves cleaning efficiency, cleaning throughput, and, therefore, the cost of ownersMp associated with the 
apparatus 100. 

Another advantage provided by adding the disperiser 109 is that liquid frorii the dispenser 109 can 
be used to rinse the probe 122. By rinsing the probe 122, contaminants picked up by the probe 122 during 

25 the cleaning of a prior substrate 114 can be reduced prior to the cleaning of a subsequent substrate 1 14. By 
reducing contaminants on the probe 122, cleaning of the subsequent substrate 114 by the apparatus 100 will 
be more effective and more efficient 

The meniscus may frjrther be controlled by careftjily controlling the fluid flow properties of the 
cleaning media directed at the substrate 114 by the nozzles of the dispensers 108. These properties are 

30 controlled by selecting a prefened nozzle inner diameter. Varying the nozzle diameter afiiects fte fluid flow of 
the cleaning media. For example, for a cleaning liquid supplied to the nozzle at a constant pressure, smaller 
nozzles tend to pnDduce higher cleaning fluid velocities. The preferred fluid pressure for cleaning liquid 
supplied to the nozzle is in a ranjge between about 2 and about 30 pounds per square inch, or beitween about 
13,700 newton per square meter and about 206,800 newton per square meter. Higher fluid velocities tend to 

35 interfere more with the cleaning capability of the probe. Thus, the nozzle size preferably is controlled. In 
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order to clean adequately, the nozzle size is preferably greater than about 0.125 inches, or about 3.2 
millimeters. In one embodiment The cleaning media dispenser nozzle size is preferably greater than about 
0.25 inches, or about 6.4 millimeters, in another embodiment The cleaning media dispenser nozzle size is 
most preferably about 0.25 inches, or about 6.4 millimeters. 
5 As mentioned, the flow velocity of the liquid exiting the nozzle increases with smaller nozzle sizes for 

the same volumetric flow rate. Because the distance between the nozzle and the substrate is fixedi varying 
the nozzle size may require that the trajectory of the liquid be varied. Thus, for a 0.1^ inch nozzle, the 
trajectory of the nozzle and the liquid as it initially exits the no2zle is approximately fifteen dejgrees below the 
horizon. By contrast, for a 0.25 inch nozzle, the trajectory of the nozzle and iriitial trajecbry of the liquid is 

1 b between about thirty degrees and about forty-five degrees above the horizon, see Figure 3B. 

Another variable which can increase cleaning efficiency is the capability to pulse the application of 
cleaning media to the substrate. This pulsing preferably involves turning the dispensing nozzle on and off at 
regular intervals. More generally, it could involve varying the volumetric flow rate of the media exiting the 
dispenser. For a given dispenser geometry, and for liquid cleaning medium, the flow velocity is adjusted by 

15 varying the fluid pressure. Thus, the dispensers preferal}ly can be controlled to apply liquid to the substrate in 
a pulsing manner. In the pulsing mode, the cleaining media dispensing nozzles preferably are cycled at a 
frequency between .1 hertz and .5 hertz, i.e., a period ranging fiiom 2 seconds to 10 seconds. AHemateiy, the 
fluid pressure could be varied between, for example, between about 30 pounds per square Inch, or about 
206,900 newton per square meter, and about 2 pounds per square inch, or about 13,700 newton per square 

20 meter. More preferably, the pressure could be varied between about 10 pounds per square inch, or about 
69,000 newton per square meter, and about 2 pounds per square inch, or 13,700 newton per square meter. 
Pulsing could be achieved using other techniques. For example, pulsing application of fluid to the substrate 
could also be achieved by varying the fluid flow rate between the preferred maximum flow ristte and a lesser, 
non-zero flow rate. 

25 Other variables which can be used to control the manner in which acoustic energy propagates 

tiirough tiie meniscus include flie height of the meniscus, ttie frequency of Oie energy applied to tiie probe, 
and other factors. As discussed above, tiie frequency applied to the probe 122 can be adjusted in order to 
tune ttie probe 122. This process yields a prefened operatir^g frequency for tiie probe 122 ttiat m^ht 
correspond to ttie highest cleaning efflclency. The probe 122 can operate at a wide range of frequencies, for 

30 example, between about 500 kilohertz ("kHz") and about 1.5 megahertz (MHz). The probe 122 can also 
operate very well in a frequency range between about 825 kHz and about 850 kHz. The probe 122 can also 
operate very well within a frequency range from about 836 kHz to about 844 kHz. The probe 122 can operate 
veiy well at about 836 kHz or about 844 kHz. As discussed below in more detail, ttie apparatus 100 furttier 
comprises a controller 147, which is programmable to apply megasonic energy to the prol)e at one or more of 

35 the frequency ranges described abo\^. 
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As discussed above, the preferred operating frequency of an individual probe 122 can depend on 
several factors, for example, the actual dimensions of the probe 122, the overall dimensions of the entire 
cleaning assembly 118, the substrate application and other factors. As discussed above in cohnedion with 
loading the probe 122. when the cleaning appfication Involves substrates 114 carrying very delicate 
5 structures, the preferred operational frequency of megasonic energy applied to the probe 122 can be altered 
fifom the fiiequenoy corresponding to the highest cleaning efficiency. This other frequency can reduce the 
possibility of the probe 122 damaging delicate structures on the substrate 1 14. 

Figure 4A arid 4B illustrate another embodiment of the apparatus 100. It may sometimes be 
desir£d)le to apply a rinse to the substrate 114. in addition to the cleaning and drying. While tiie rinsing step 

10 can add to ttie throughput, a multi-dispenser rinsing configuration can minimize the additional proces^ 
time. As shown in Rgure 4A, a plurality of rinsing dispensers 111 are mounted to the process bowl 106 aid 
are configured to apply rinsing liquid to the substrate 114. During ttie rinse, there generally is no iieed to 
maintain a controlled rheniscuis. Therefore, a h^h velocity rinsing process can be iised. As shown in Figure 
4B. the rinsing dispensers 111 in the high velocity rinsing process may be oriented downwardly with respect 

IS to ttie horizon, for example, by about fifteen degrees. The two rinsing disperisers 111 advantageously 
approximately doubles ttie volume of rinsing Hquid tiiat is applied to ttie outer edge of tfie siA)strate 114 
cpnnpared to a single rinse dispenser configuration for each revolution of the substrate. This decreases 
rinsing process time, where needed, and therefore minimizes ttiroughput of processes ttiat require rinsing. 
The rinsing di^nsers 111 could also be positioned on ttie bowl 106 to dispense onto ttie center of ttie 

20 subsfa^114. 

The probe 122 is extendable into and retractebte out of ttie bowl 106 tiirough one of ttie apertures in 
ttie side wall of the bowl 106. For example, as shown by ttie anow 124. ttie assembly 1 18 is moirable in a 
radial direction. The assembly 1 18 preferably may be extended outward from the rear-most side vrail of ttie 
process bowl 106 until it reaches about ttie center or just beyond ttie center of ttie subsbate 114. On ttie 

25 other hand, when ttie asseml^ 1 18 is retracted, most of ttie probe 1 22 is received beneatti ttie cover 1 32. As 
described in tiie above-noted U.S. Patent No. 6,140,744, megasonic energy applied to a transducer coupled 
to ttie probe 122 propagates tiirough the probe ^22, and tiirough tiie meniscus of liquid onto ttiis subsbate 
1 14 to loosen particles on the subsbate 1 14 white ttie subsbate 1 14 is rotating. 

in ttie preferred embodiment, ttie process bovirt 106 also comprises a second apertijre for receiving 

30 drying assembly 120. The assembly 120 niay include a dryir^g head 128, virtiich Is described in greater deteul 
in European Patent application publication EP0905747A1. As described tiierein, ttie drying assembly 120 has 
a substrate drying asseinbly support ami 130 mounted to be moveable radially witti respect to ttie subsbate 
1 14 into and out of a position closely spaced above ttie upper surface (ttie device side) of ttie subsbate 1 14 
supported on ttie chucl< 110. The drying assembly 120 Includes an outiet ttiat applies, or dispenses, liquid to 

35 the surface of ttie substrate and also includes an outlet ttiat applies, or dispenses, tensioactive vapor to ttie 
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surface of the substrate 114. The drying vapor outlet is positioned radially beyoruJ the drying liquid outlet 
The drying assembly 120 is designed to be extendable through the rear-most skte wall of fte proo^ bowl 
106 toward and just beyond the center of the processing chamber of the process bowl 106. The drying 
assembly 120 also resides primarily under the cover 132 when retracted. The operation of the drying 
5 assembly 120 and the cleaning assembly 118 can be carefully controlled in order to sufficiently clean the 
substrate 114 at a satisfactory speed. This control is described in connection with a method described below. 
The drying assembly 120 dries the surface of the substrate 114 through centrifugal action and by displacing 
the processing liquids on the surface with a tensioactive liquid that reduces the surface tension of the 
processing liquids. 

10 A moveable splash guard 134 is also located in the process bowl 106, and is discussed in greater 

detail with respect to Figures 11A-13. In the prefen^d embodirhent the movement of splash guard 134 is 
generated by a plurality of supports that comprise fn^nt support 136 and rear supports 138. As shown in 
Figure 1, the support 136 extends through the decktop 104, while the supports 138 extends through the rear 
cover 132. Of course it will be understood that the support locations may be varied affecting the operation of 
IS the splash guard 134. 

Refemng now to Figure 2, a valve manifold and associated piping 140 is provided to supply the liquid 
and/or gas which is dispensed by the dispensers 108. The dispensers 108 each comprise an outlet for 
directing the liquid and/or gas onto the surface of the substrate 114 at a prefenred location. The piping 140 
resides beneath the cover 132. The cleaning apparatus 100 also comprises an exhaust and drain manifold 
20 142 to cany away waste gases, liquids and contaminants. 

Figure 6 shows a portion of the removable decktop 104 cut away. A main reference plate 163 can 
be seen beneath the decktop 104. The megasonic probe 122, which is positioned at an efevation above the 
substrate 114 when the substrate 114 is positioned within the substrat@ chuck 110, is actuated by a 
megasonic probe drive module 144. The drying head 128. also positioned at ah elevaOon abovei the 
25 substrate 1 14, similariy is actuated by a drying assembly drive modute 146. Both drive modutes 144, 146 are 
mounted within the cover 132 on the assembly main support plate 163, are controlled by a controllier 147, and 
are discussed in greater detail below in connection with Figures 15-16. In the illustrated embodiment both 
drive modules 144, 146 are linear drive modules, but any suitable drive profile wfll work. 

Refemng now to Rgures 7-8, the substrate chuck assembly 112 comprises a sen/omotor 160 and a 
30 substrate chuck bearing cassette 162, each having a pulley mounted thereon and each being mounted to the 
support plate 163. The pulley of the motor 160 and the pulley of the cassette 162 are connected by a timing 
pulley drive belt 164. The substrate chuck bearing cassette 162 has a tubular, or open-center, shaft 166 
providing an area 168 that can contain dispensers, sensors and other componente. in some embodimente, 
the area 168 is a dispensing area through which cleaning fluid can l>e directed to apply fluid to a tower surface 
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of the substrate. Although described herein as a bearing cassette, any suitable bearing that will work with the 
tubular shaft 1 66 can be used. 

The tubular shaft 166 provides access for tubing, wiring, mechanical components and the like 170 
which may perfomi cleaning of the bottom side of the substrate 114. For example, a bottom-side fluW 
5 dispenser 1 71 can extend upwardly through the tubular shaft 166 into a position to be able to apply liquki tO: 
the bottom surface of the substrate 114 (see Figure 9B). Figure 9B shows that the bottom-side flukl 
dispenser 171 can provide unobstmcted access for flukl directed through the bottorh-dde fluM dispenser 171 . 
The dispenser 171 is shown schematically in Figure 9B' with no mounting hardware. There are many ways 
that the dispenser 171 couU be mounted so that it can deliver cleaning media to the substrate surface. For 
10 example, the dispenser 171 could be held in place by a bracket 173 mounted on the support plate 163; This 
bracket could be generally In a "J" shape, with the upstanding portion of the "J" extending into the open ^nter 
shaft and with the two upstanding portions straddling tlie pulley attached to the inner race of the beasbig .. 
cassette (see Rgures 7^). The plurality of dispensers 108 nfK)un^^ 

114, meanwhile, are able to apply liquid to the top sur^K^e of the substrate 114. In this way. the apparatus 
IS 100 can perfonm simultaneous cleaning of both sides of the substrate 1 14. 

As shown in Rgure 98, the substrate chuck 110 has a lower support 172, which is a horizpnf^ly 
extending portton, that is secured to an upper end of the tubular shaft 1 66 oif the bearing cassette 162 with a 
pluralityof chuck mounting fasteners 174. The bearing cassette 162 is also connected to the substrate chuck 
110 in a rnanner that penntte the chuck 110 to rotete virith respect to the plate 163. The tubular shaft 166 
20 preferably has a four inch diameter, or about a 102 millimeter diameter. 

When the motor 160 is driven in a controlled manner, the rotetion of the motor 160 is transferred 
through the belt 164 to tiie cassette 162 causing the ca;ssette 162 and the sut)strate chuck 110 to also rotate 
in a controlled manner. The substrate chuck 110 also comprises a plurality of subsbrate support poste 176. 
The posts 176 extend upwardly from an upper surface of the horizontel portion, or tower portion, 172. The 
25 poste 176 are described in more deteil below. In the preferred embodiment, the substrate chuck 110 is fixed 
in the direction perpendicular to the surface of the plate 163, vertically fixed in the arrangement shown. Other 
substrate chucks configured to telescope (i.e. toJ>e movable in the direction of the axis of rotetion) are known 
could be implemented in this substrate cleaning system as well. 

As shown in Figure 98, the substrate chuck 110 supporte the substrate 114 above the bearing 
30 cassette 162. The substrate 114 is positioned at an elevation above the bearing cassette 162 by the plurality 
of substrate support poste 176. As may be seen, the support poste are reinforced by a band 177 connecting 
each of the support poste 176 about half the distance up the poste 176. The band 177 prevente the poste 176 
fiom flexing in operation so that the poste 176 continue to support the substrate 114 throughout the cleaning 
and the drying processes. There is an open space between the band 177 and the base of the chuck 110 
35 which permite liquid beneath the substrate to escape out the side of the chuck. 
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By SO supporting the substrate 1 14, a space is created underneath the substrate 1 14 which may be 
accessed by the various components 170. The substrate support posts 176 provide a passive restraint of the 
substrate 1 14. The passive restraint may comprise a notch which is located on the side of tt)e post closest to 
the axis of a rotation of the bearing cassette 162. This notch comprises a horizontal portion and a vertical 
5 portion. The horizontal portion provides a surface upon which the substrate 114 rests. Therefore, the 
horizontal portion of the support post 176 provides a passive restraint in the vertical direction against the force 
of gravity. The vertical portion provides a surface upon which the outer edge of the substrate 114 may be 
pnessed by the rotation of the substrate chucl^ 110. Therefore, the vertical portion of the supjwrt post 176 
provides a passive restraint in the fomri of centripetal force in the horizontel direction. Of course other devices 
10 could be used to hold the substrate in position, such as a mechanism actuated by the rotation of the chucic 
110. Such a mechanism would press against tiie substrate to hold it in place when the substrate is rotating, 
but release it when it is not 

Refem'ng to Figure 10, the process bowl 106 is shown with the cleaning componenis nemoved. The 
process bowl 106 is mounted on support plate 163 and has a load/unload access stot 1^ to leceive a robot 
15 amn. The slot 198 is located on the front side of the bowl 106 and is at least as wide as the diameter of the 
substrate 114. The height of the slot is sufficient to allow robotic loading and unioadirtg of the substrate 1 14 
onto tiie substrate chuck 1 10. Therefore, tiie top of the slot 198 must be at ah etevatkm that is higher than 
the top ofthe substrate support post 176 by at least the ttiiclcnessofthe substrate 114. The bottom of the slot 
1 98 is at an elevation tiiat is at least below the horizontal portion of the notch by an amount of the thickness of 
20 tiie robot ami. The robot arm preferably has a paddle configured to extend Into the center of the chuck 
110 during the process of loading or unloading the substrate onto the chuck 110. The paddte extends 
beneath tiie substrate 1 14 but above the band 177. 

Also mounted to the support plate 163 are the supports 136, 138 suf^xNting the moveabte splash 
guard 134. The supports 136, 138 are vertteally actuateble and as they are rateed. the spl^h guard 134 
25 conespondingly also is raised relative to the fixed elevation of the substrate 114 when positioned on the 
substrate chuck 110. As shown, tiie supports 136, 138 may comprise one or more hinges 139 to tecllitete the 
movement of 6\e splash guard 134. Of course otiier numbers of moveable supports could also be used to 
move ttie splash guard 134. 

Referring now to Figures 11A-11C, tiie supports 136, 138 are vertically moveable so as to position 
30 the moveable splash guard 134 appropriately witti respect to the slot 198 and wtth respect to the substrate 
1 14 when it is positioned on the chuck 110. 

Refem'ng to Figure 11A, the supports 136. 138 are moveable such that the ftont of ttie moveabte 
splash guard 134 is disposed at an elevation below the slot 198. This may be tenmed ttie retracted position, 
or ttie substrate load/unload position. When the splash guard 134 is in ttie retracted position, a robot arm 
35 delivering ttie substrate 114 into the processing chamber can be extended tiirough ttie stot 198 until ttie 
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substrate 114 is directly above the substrate chuck 110. Then the robot arm can lower the substrate 114 onto 
the chuck 110. This is referred to herein as loading the substrate onto the substrate support or ch^^ As 
described above, ttie slot 198 is tall enough so that the robot am can be lowered to an elevation below the 
horizontal portion of the notch in the support posts 176. At this lower position, the robot arm can be 
5 withdrawn from the processing chamber without touching the substrate 114. The retracted position of the 
splash guard 134 thus facilitates loading and unloading using a robot arm. 

Refem'ng to Figure 11B, the moveable splash guard 134 can also be positioned by actuating the 
supports 136, 138 into a wet processing position. In the wet processing position, the front side of the splash 
guard 134 is disposed at an elevation higher than tiie rear side of the splash guard 134. The elevation of the 

10 top of the splash guanJ 1 34 is above the front side of ttie substrate 1 1 4 and is just low enough near tiie rear 
side to provide access to the substrate 1 1 4 for the cleaning probe 1 22. There is also just enough clearance in 
tiiis position for the liquid and vapor outiets of tiie drying head 1 28 to be extended out over tiie substrate 1 14. 
In tills position, the splash guard 134 contains the processing liquids, preventing tiiem from escaping through 
the sbt 198. At tiie rear side of tiie substrate 114, a small portion of tiie substrate 114 may be at or just 

15 above tfie elevation of tiie splash guard 134. This prevents all but a very small amount of liquid from being 
flung over ttie top of tiie splash guard 134. Floating seals surround tiie probe 122 and drying head 128 to 
contain tiiis small amount of liquid. Also, tiie bottom of tfie splash guard 134 is at an elevation below flie 
bottom oftiie slot 198. 

Rnally, refem'ng to Figure 1 1 C, the supports 1 36, 1 38 can be actuated to move the moveable splash 
20 guanj 134 into a dry process position in vMch tiie drying head 128 is extended out over ttie top surface of ttie 
substrate 114. In ttiis position^ the splash guard 134 is brought to a genenally horizontal position, i^. the 
perpendicular distance from tfie substrate 1 14 to the plane of the top of ttie splash guard 134 is a constant 
value. In tiie dry process position, ttie top of ttie splash guard 134 is at an elevation above flie stot 198 and 
ttie bottorh of ttie splash guard 134 is at an elevation below ttie bottom of ttie slot 198^ This prevents any 
25 liquid which is flung off the substrate from exiting the apparatus 100 into ttie surrounding area The splash 
guard 134 also deflects processing liquids away from the substrate surfaces to prevent splash-bade onto ttie 
surface of ttie substrates. 

Refem'ng to Figure 12, the moveable splash guard 134 comprises a cylindrical band 210 witti an 
annular surface having a diameter greater tiian ttie diameter of the substrate chudc 110 but less than the 

30 diameter of tiie process bowl 106 (see Figure 1). Connected to ttie top portion of ttie cylindrical band 210 is a 
frusto-conlcal portion 212 disposed at an angle a witii respect to the plane of ttie base of ttie splash guard 
134. The inner diameter of ttie conical portion 212 is greater ttian ttie outer diameter of the substrate chucic 
110. The annular surface of ttie frusto-conical portion 1 12 ttiat faces ttie substrate 1 14 is preferably smootti. 
Ottier surfaces may also be effective, however, such as the mesh-type splash guard described in connection 

35 with Rgure 14 below. 
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As may be seen in Figure 12, liquid on tlie surface of the. substrate 1 14 is pft)j«;led off jiie substrate 
114 towards the annular surface of the conical portion 212 of the moveable splash guard 1M by centrifugal 
force arising from the spinning of the substrate 114. This liquid strikes the annular suilsm of ttie conical 
portion 212 at the angle a and is deflected by the annular surface of the conical porfion 212 of the moveabte 
5 splash guard 1 34 in a direction that is generally downward but also radially outward from ttie outer edge of the 
substrate 114. The angle a is between 10 degrees and 60 degrees In one embodiment The angle a is 
between 20 degrees and 50 degrees in another embodiment The angle a Is between 30 degrees and 40 
degrees In another embodiment The smoothness of the annular surface of the conical portion 212 tends to 
preserve the droplets rather than causing them to vaporize. As mentioned above, and dfecussed in more 
10 detail in connection with Figure 14. other splash guard surface configurations can also prevent splashrback 
onto the substrate 1 14. 

Figure 13 further illustrates tiie trajectory of the liquid which is transported off the surface of the 
substrate 11 4 by the centrifugal force exerted ori the liquid on the surface of tiie spinning substrate 1 14. The 
trajectory of ttie transported liquid Is generally in tiie direction of tiie rotation of the substrate 114. As ttie 

15 liqukJ moves off \he substrate it travels toward tiie annular surface of Oie conteai portion 212, strikes the 
annular surface and is deflected at an angle away from Its original patti between the substrate 114 and the 
annular surface. The liquid is deflected In such a manner as to prevent tiie IkjuW finonii spl^hing back onto 
ttie substrate 114. Splash-back of liquid can be prevented by positioning ttie annular surface at an angle, as 
described above, so that the liquid is deflected downward relative to the elevation of the surface of the 

20 substrate and outward radially from ttie center of the chuck 110. As mentioned above, ttie drying process 
worics by displacing the cleaning liquids on ttie substrate surface witti surface tensfon reducing Fiquld, The 
moveable splash guard 134 Is used In conjunction witti tiie drying assembly 120 to assure iitlte or no drying 
through evaporation from the substrate surface of splash-back of cleaning liquid occurs. 

Refening now to Rgure 14, a mesh-type splash guard 230 is shown. The mesh-type splash guard 

25 230 comprises a frame 232 and a mesh portton 234. The mesh portion 234 preferably comprises a plurality 
of strands arranged In a crossing fashion (e.g. perpendiculariy crossing) to fbnn a flrid of rectangular 
openings. More generally, two sete of strands may fonn any quadrilateral shape. Abo, more than two sete of 
strands may be used to form the mesh wltti openings of any polygon shape. In one variation, ttie mesh has 
about a 1 mm aperture witti about a 44 percent open area. The mesh portion 234 may be affbced to the frame 

30 232 or tiie frame and mesh may be unitary. Alttiough shown as a cylinder, tiie mesh-type splash guard 230 
may have a variety of shapes, and may, for example, be fomied as a frusto-conteal portton, like ttie splash 
guard 134. 

Anottier variation comprises a splash guard having at toast two mesh sections. In ttiis arrangement, 
a second mesh section is positioned generally concentrically around a first mesh section. Generally, ttie first 
35 mesh section will have apertures and open area equal to or laiger ttian the apertures and open areas of the 
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second mesh. The second mesh can have about a 1 mm aperture with about a 44 peicent open aiea In 
another variation, the second mesh can have about a 0.3 mm aperture with a 36 percent open area. In still 
another variation, the first mesh section can have about a 1 mm aperture with about a il4 percent open area 
and the second mesh can have about a 0.3 mm aperture wrtth about a 36 percent open area, Yet another 
5 variation involves using a mesh portion similar to mesh portfoo 234 In conjuncHon «Mi an annular splash 
guard similar to the guard 134. 

As vinth the splash guard 134. the splash guard 230 may be attached to supports 136 and 138 that 
are vertically actuatable. Together with the hinges 139, the supports 136, 138 permit the m^h-type splash 
guard 230 to be moved as the splash guard 134 is moved, as shown In Figures IIArllC* Uke the conical 

10 portion 212, the mesh portion 234 of the mesh4ype splash guard 230 Intercepts the llqiiid being spun off iof an 
upper surface of the substrate 114 in a manner that prevents the ikjuld from splashing back onto the upper 
surtiace of the substrate 1 14. 

Refemr^ now to Figures 6, 15. and 16. the cleaning and drying apparatus 100 oonplses a drying 
assembly drive module 146. In the prefened embodiment, the drive module 146 compiises a servomotor 

15 250. a linear bearing 252, a lead-ballscrsw 254, and a proximity sensor 256 ibrsferislng a 8mlt position and a 
home position. The drying assembly 120, which includes the drying head 128 and the svbsiiete drying 
assembly support ami 130. is mounted onto the drive module 146 with a bracket 258. 

Figure 16 shovxs an the components of the drive module 146 shown in Flgure 15, and further shows 
the drive mechanism housing 180 in phantom revealing the timing belt and pulley drive ^ssemUy 182. 

20 Although the cleaning assembly drive module 144 is n<rt shown In detail, its construction is similar to ttie 
constmcBon of tfie drive module 146, except flie drying assembly 120 is replaced w«h «» cleaning assembly 
118. 

The drive modules 144. 146 are driven by a controller 147 virtilch positions ttie probe 122 or ttw 
drying head 128 radially witt> respect to ttie substrate 114. For example, flie probe 122 Is inserted or 

25 retracted radially frbrh tiie processing chamber of the process bowl 106 by ttie drive module 144. The drive 
module 144 is connected to tiie cleaning assembly 118 and moves it radially witii rasped to tiie substrate 1 14 
such ttiat tiie end of tiie probe 122 extends toward or is retracted avray from ttie oenter of ttie substrate 114. 
The drive module 144 also can retract ttie probe 122 so ttiat It is outsWe of ttie outer diameter of tiiie substtate 
114. Similariy. ttie drive modute 146 can extend tiie drying head 1 28 to a position at an elevation above ttie 

30 substrate 114 but wittiin its radius and can also rebact ttie cleaning head 128. 

The controller 147 which actuates ttie drive modutes 144. 146 can be used to implement various 
control strategies to maximize performance of the cleaning apparatus 100. Different control sttategies may be 
selected depending upon many factors, for example, the size of tiie substrate, tiie cleaning solution, used, ttie 
sensitivity of the structures being constructed on tiie surface of tiie substrate, and flie degree of cteanliness 
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required, among others. These control strat^ies can be iilustrated graphicaliy. for example on a two- 
dimensional graph. 

As shown in Figure 17, the position of the prolje 122 with respect to tiie sul)strate 114 can be 
illustrated over time. One way to iliusbate this Is to plot the position of the probe with respect to the edge or 
5 center of Vne substrate 1 14 on the y-axis and time on ttie x-axIs. The position of the edge of the substrate 1 14. 
and the ceriter of the substrate 114 are shown on the y-a}ds as dashed lines. The dashed line doser to the x- 
axis represents the edge of the substrate 114. while the dash line fiirttiest from the x-a)ds represents the 
center of the substrate 114. The solid linie in Figure 17 represents the position of the probe 122 overtime with 
respect to the substrate 1 14. The senK)motor 250 oxtends the probe 122 In a generally radial direction at a 

10 oonstent linear velocity with respect to the bearing 252 until the probe tip is located at or just beyond the 
center of the substrate 1 14. Then, in one embodiment the controller 147 stops the seraomotor 250. making 
the linear veiodty of probe 122 zero during the cleanir^ operation. In anotiier embodiment, as discussed 
above in connection wHh Figures 2-3, liquid can be applied to the probe 122 to load the probe 122 whfle the 
piobe 122 is being extended from the dispenser 109. in that case, the cleaning cart take place whBe the 

IS prdbe \22 is being extended over the substrate 1 14. The probe 1 22 can also be loaded widle it is stationaiy 
over the substrate 114 to lessen damage to structures on the sut)strate 114. to tune the probe 122, or for 
other reasons. At completion of the cleaning, the probe 122 is retracted at a constant linear velocity untO it 
reaches the home position, which is radially ferther fixxn the center of the bearing cassette 162 than is the 
outer edge, or pieriphery. of the substrate 1 14. In another variafion, megasonic energy can be appfled to the 

20 probe 122 while it is being retracted. In that case, it may be necessary to load the probe 122 hi order to apply 
the appropriate arnount of megasonic energy to the surteoe of the substrate 114. wttile retracting the prot)e 
122. 

Another example control strategy Is Illustrated in Figure 18, again in x-y coordin^. showing time 
and position respectively. The servomotor 250 extends the probe 122 in a generally radial direction at a 

25 constent velocity until the end of the probe 122 extends at or beyond the center of the substrate 1 14. Then, 
the controller 147 directs the servomotor 250 to stop, so the velocity of the probe is zoo and the position of 
the probe 122 Is held constant during the cleaning operation. Next, the controller 147 direds the servomotor 
250 to retract the probe 122 at a varying veipcity. That is, the linear velocity of the probe 122 with respect to 
the bearing 252 is greatest at the beginning of the retraction and the linear velocity of retraction is reduced 

30 continuousty over the distence of travel of the probe 122 towards the edge of the substrate. 

Refemng to Figure 19, a control strategy for the drying assembly drive module 146 Is illustrated. In 
this strategy the controller 147 directs the servomotor to extend the drying head 128 at a constant velocity 
from the edge of the substrate 1 14 to just beyond the center of the substrate 1 14. Then the controller 147 
directs the servomotor 250 to stop, bringing the velocity of the drying head 128 at zero and holding its position 

35 constant for a period of time. Next, tiie controller 147 directs the servomotor 250 to retract the drying head 
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128 at a varying velocity, with the velocity of retraction being greatest at the beginning and with the velocity 
decreasing while the drying head 128 is moving toward the edge of the substrate 114. ttie controtler 
147 directs the servomotor 250 to stop retracting the drying head 128 near tte edge of the subsbate 1 14, 
which brings the velocity of the drying head 128 to zero and holds its position constant for a period of tirne. 
5 Finally, the controller 147 directs the servomotor 250 to retract the drying head 128 at a constant velocity to 
return the drying head 128 to the home position. 

The cleaning and drying apparatus 100 described above can be controlled to provide a satisfactory 
cleaning and drying process as illustrated by one prefened embodiment in Figure 20. The process begird at 
a start block 300. Then, at a process block 302, the drive module 144 positions the probe 122 ctosely spaced 
10 above an upper surface of the substrate 114, which is positioned in and rotating vi^ Nextata 
process block 304, fluid is applied to the substrate 1 14 to create a meniscus between the probe 122 and the 
substrate 114. Then, In a process block 306 megasonic energy is applied to the probe 122^ to cause K to 
pnapagate the megasonic energy through the meniscus to the substrate 1 14. The megaspnk) energy applied 
to the substrate 114 loosens particles oh the substrate 114. The megasonic energy is strongest in the region 

IS of tlie probe 122. Therefore, it is prefened that the substrate 1 14 rotate beneath the probe at a first rate so 
that the entire upper surtece of the substrate 114 is exposed to the megasonk: energy. In one variation, the 
process steps 304 and 306 may be combined. In tiiat case, megasonic energy ts applied to the probe 122 as 
tiie probe is being extended over tiie substrate 1 14. This variation may furtiier include applying lk]uid to flie 
probe 122 tiirough tiie dispenser 109 while tiie megasonic energy is being applied to the probe and white tiie 

20 probe is being extended over tiie substrate 114. Next in a process block 308 tiie prpbe 122 is retracted at or 
near the completion of a cleaning operation. In yet anotiier variation, the process btocks^04, 306, and 308 
could all be combined so that rnegasonic energy is applied to ttie surface of the substrate 114 tiirough the 
probe 122 while tiie probe 122 is being extended, while it is stetionary over ttie substrate surface, and white it 
is being retracted, in each of tiiese steges, it may be desired to apply loading liquid to ttie probe 122 tiirough 

25 ttie dispenser 109 to reduce ttie power applied to the surface of tiie substrate 1 14, to tune ttie probe 122, or 
for otiier reasons. Then, in a process block 310, the substrate 114 is rinsed wtth a sultebte Ikjukl. One 
prefemed rinsing liquid is denonized water. In anotiier variation, the process btodc 310 couM include a 
chemical treatment, such as a treatment witii hydrofluoric add. 

Then, in a process block 312 tiie substrate drying assembly support arm 130 Is moved into position 

30 closely spaced above the substrate 114. The process block 312 is preferably at teast partially perfomied 
concun^ntiy witii ttie process block 308. 

As described above, the drying assembly 120 includes an outlet for applyir^ liquM to ttie upper 
surface of the substrate and also includes an outlet for applying a drying vapor to tiie upper surtece of Vne 
substrate. Next, in a process block 314, the substrate drying assembly support ami 130 is positioned so ttiat 

35 the liquid applying outlet of the drying assembly 120 is located approximately over the center of the substrate 
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114. Any of the process blocks 308-320 could include increasing the rate of rotation of the substrate 1 14 to a 
second rate. The second rate of rotation of the substrate 1 14 is preferably much greater than the first rate of 
rotation of the substrate 1 14. At higher rates of rotation, processing liquid is flung off the substrate surfaces at 
a higher velocity. This increases the likelihood of splash-back. As mentioned above In connection with 
5 Rgures 11B and 11C. the splash guard 134 is configured to minimize this. In the position shown in Figuie, 
11B.mostoftheperipheiyofthesubstrate114lsbelowtheupperedgeofthesplashguard 134. Asshown 
in Figure lie. all of the periphery of the substrate 114 is below the splash guani 134. Thus, there is mini^ 
area not protected from spiash-back 1^ the splash guard 134. 

Then, fn a process bkxk 31j5. liquid is applied to the substrate 1 14 through the liquid applying outlet 
10 of the diyiiig head 128. In one advantageous aKemative. the process btock 316 Is implemented at least 
partially concurrentiy with the process block 314. In tfils way. the fiquM is applied to the substrate 1 14 through 
the llquM applying outlet of the drying head 128 wttile the substrate drying assembly support arm 130 is 
moved to tiie center of the substr^ 114. In a process bkiidc 318. tiie substrate drying assenrtbly siqiport ann 
130 is retracted to a position virtiere the drying outlet of the diyit^ head 128 is pixsitkmed over the center of 
IS the substrate 114. In a process bkxk 320, the tenstoacthre vapor is applied to the sulistrate 114 as the 
substrate 114 rotates. The vapor applied at the process bk>ck 320 dries the center of the substrate 114 due 
to the rotation and by the actipn of the vapor on the ikjukl on the surface of the substrate 1 14. In a process 
tikxk 322 the substrate drying assembly support ami 130 is retracted radially outwardly at a controlled rate to 
the periphery of the substrate 114. As the subsbate dr^'ng assembly support arm 130 is being withdrawn. 
20 iiqukl is applied to the substrate 114 through the lk]uid outlet of the drying head 128. The control of the 
retraction is discussed In more detail below. In the process block 322 the drying head 128 applies 
tensioactive vapor to the substrate 114 through the vapor applying outlet foltowing the applkatton of lk)uki. 
Then in a process btock 324. when the drying head 128 approaches tiie periphery of the substrate, the 
applicaboh of fiquld to the upper surface of tiie substrate ii4 Is stopped. In a pnxess btock 326. ttie 
25 retraction of the substrate drying assembly support arm 130 is stopped near the periphery of the substrate 
1 14. In the process step 326 tiie rotetional speed of the substrate 1 14 is also greatiy increased, This tends to 
dry a lower surface of tiie substrate 1 14 by centrifugal action. Then, in a process btock 328. tiie appPication of 
drying vapor to tiie substrate 114 is stopped before tiie drying head 128 is retracted .beyond tiie outer 
periphery of tiie substrate 114. In an end block 330. tiie drying head 128 is retracted to ttie home position. 
30 tiie rotation of tiie substaate 1 14 is stopped, and the process is completed. 

As mentioned above, one important conskJeration applied to tiie single wafer cleaning apparatus is 
through-put Consequentiy, tiie process embodied in process steps 300 - 330 can be optin&ed to minimee 
cleaning, rinsing, and drying time. To this end, it will be appreciated tiiat some of ttie above process btocks 
could be combined witii the process still implementing the invention. For example, in one variation of tiie 
35 above process, process blocks 308, 310, and 312 are carried out at least partially concurrentiy. in another 
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variation of the process described above, process blocks 318 and 320 could be carried out partially 
concurrenfly. Also, alttiough the lower-numbered process blocks noted above generally begin before the 
. higher-numbered blocks, many of ttieblocte are executed at least partially 

The process described above can be incorporated into a vvkle variety of cleaniiig and drying recipes. 
5 For example, one drying recipe for an 8 inch, or a 200 millimeter, substrate begins after the probe 122 is 
retracted in tiie process block 308. The process block 310 commences by rotating the substrate at the 
second rate, e.g. 300 RPM (the first rate of rotation being fliat required by tiie deanmg assenibly 1 18). Tliis 
second rate is maintained for 29 seconds. In tiie process block 310 the substrate 114 is rinsed ibr 5 seconds. 
The prcx^ess block 310 also can fndude a hydrofluoric add exposure^ 
10 The process block 312, which moves the substrate drying assembly Support ami 130 tovi^ a 

location over tiie center of tiie substrate 114, begins 4 seconds before tiie end (of process block 310. In the 
process block 314, the substrate drying assembly support amn 130 is positioned so ttiat the lk)uid applying 
ouflet of tiie drying head 128 is located approximately over the center of the substrate 1 14. At the process 
blocA 316, liquid is applied to tt)e substrate 114 tiiroughti)eliqukiappiy^^^ This 

15 continues until process btock 324. At tiie process block 318, ttie substrate dr^r^g assembly suptx>rt arm 130 
is retracted. When process block 318 is completed tiie drying outiet of tiie dr^ng head 128 is positioned over 
tiie center of tiie substrate 1 14. At tiie process block'320, tiie tensioactive vapor is appfied to the substrate 
114. Next, at tiie process blodk Z22, tiie substrate drying assembly support ann 130 is retracted radially 
outwardly while lk]uid and vapor are applied to the substrate 1 14 ttirough tiie .lk)uid and vapor outtete of the 

20 drying head 128 respectively. Next at tiie process bkx^k 324 the application of IkiukJ to flie substrate 1 14 is 
stopped. The retraction of tiie drying head 128 is stopped at tiie process btock 326. SfiH at tii^ 
326 tiie rotettonal speed of tiie substrate 1 14 is greatiy increased so as to dry a fovver surface df the substrate 
114. This increased speed is preferably 1000 revolutions per minute (RPM) or h^her and is more preferably 
1800 RPM. Finally, at tiie process block 328 tiie application of vapor to tiie substrate 114 is stopped and ttie 

25 drying head 128 is retracted beyond ttie outer periphery of ttie substrate 1 14. As mentioned, tiie above redpe 
is for an 8 inch, or a 200 millimeter, substrate. It vtfill be recognized ttiat tiie times may vary for different 
applications, including different substrate sizes. 

The cleaning apparatus disclosed herein also exploite a relationship between tiie rate of rotetion of 
tiie substrate 114 and ttie rate at which ttie drive module 146 retrads ttie drying head 128. Generally, ttie 

30 faster the rotation, tiie faster the retraction can be. In some embodiments, it is desired to provide adequate 
drying in the shortest time. Figure 21 provides one example relationship between sulistrate rotation rate and 
drying assembly retraction rate where it is desired to use a single, constant retraction rate. As may be seen in 
connection wftfi Figures 22A-22B, higher retraction rates for ttie same rotetion rate can be achieved under 
some conditions, 
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Referring now to Figure 21, one example relationship l)etween ttie rotation rate and the retraction 
rate is illustrated as a two-dimensional processing window. The x-axis of the processing window represents a 
range of rates at which the substrate drying assembly support ann 130 and the drying head 128 of the drying 
assembly 1 20 can be retracted. The y-axis represents the range of revolutions per minute (RPM) at which the 
5 chuck 110 can rotate the substrate 114. In the example relationship shown in Figure 21, the substrate 114 
can be rotated during the substrate top surface drying operation in a range between about 200 RPM and 
about 1,000 RPM while the substrate drying assembly support arm 130 can be retracted in a range between 
about 4 mm per second and about 9 mm per second. In another embodiment, the substrate 114 can be 
rotated during the substrate top surface drying operation in a range between about ^0 rpm and about 1000 
10 rpm, while the substrate drying assembly support arm 130 can be retracted in a range between about 1 mm 
per second and about 20 mm per second. It will also be understood that higher substrate rotatiorial rates are 
possible and that, as shown in Figure 21, such higher rotation rates will enable dr^ng assembly retraction at 
rates higher than those shown in Figure 21 . 

Two advantageous process vnndows governing the rate of retraction of the sutistrate dryhr^ 

15 assembly support anm 130 and the rate of rotetton of the substrate 1 14 are further illustrated iri Figure 21. A 
line 402 represents a blanket substrate process window, which is a preferred relationship between the rate of 
retraction of the substrate drying assembly support anm 130 and the rate of retetion of a blanket substrate. A 
blanket substrate is one that has a unifomfi top surtece. A line 404 represente a pattemed substrate process 
window, which is a prefened relationship between rate of retractton of the drying assembly and the rate of 

20 rotetion of a pattemed substrate. A pattemed substrate is one that has one or more features created on the 
top surface. The preferreid rate of retraction of the substrate drying assembly suppoit.ann 130 for a blanket 
substrate is about 5 millimeters per second when the rate of rotetton of the substrate 114 is about 300 RPM. 
The prefemed rate of retraction of the substrate drying assembly support am 130 for a pattemed substrate is 
about 4 millimeters per second v\Aen the rate of notetion of the substrate 1 14 is about 300 RPM. As can be 

25 seen, the prefen-ed rate of retraction can be increased by about 0.5 mm per second for each 100 increase in 
the RPM of subsfrate rotetion. For blanket substrates that are rotated faster than 900 RPM, the preferred rate 
of retraction of the substrate drying assembly support anm 130 is increased as the rate at whteh the substrate 
114 is rotated is increased about 1.0 mm per second for each 100 increase in the RPM of substrate rotation. 
The blanket and pattemed process v^ndows shown in Figure 21 also illustrate other aKemative rabss 

30 of retraction that perform a satisfactory dry for a given substrate rotational speed. For exampte, for blanket 
substrates the rate of retraction of the substrate drying assembly support ann 130 of the drying assembly 120 
may be lower tiian the prefen^ed rate while still performing a satisfactory dry. These lamr rates are flie 
retraction rates tiiat are to tiie left of ihe line 402. Also, for pattemed substrates, substrate drying assembly 
support arm 130 of the drying assembly 120 may be retracted at rates tiiat are lower flfian the preferred rate 

35 while still perfonnlng a satisfactory dry. These lower retraction rates for pattemed substrates are to the left of 
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the line 404. Also, the rotation rate for a given retraction rate may be higher than 0.6. above on the graph) the 
preferred rate illustrated by the lines 402, 404. 

It has been found that some areas or zones in the substrate dry faster than others areas or zones. 
Figures 22A-22B illustrate that this relationship that can be exploited in order to manage cleaning efficiency 
5 and cleaning times (and, therefore, through-put). In other words, the process vrindows showm in Rgure 21 
can be applied to the slowest drying zone. Other process windows reflecting faster drying assembly retraction 
rates can be implemented in the faster drying zones, as described below. 

Referring now to Figures 22A-22B, the drying head 128 can be retracted at different rates as it is 
moved from the center of the substrate 114 to the edge of the substrate 1U^^ In one embodiment illustrated In 
I d Figure 22A, and preferred for blanket substrates, the substrate 114 is divided Into a zone 502 near «ie center 
ofthesubstrate114andazone504neartheperipheryofthesubs^ The dashed amow Illustrates the 
retracfion of the substrate drying assembly support amn 130. The retraction rate nesir the center of the 
substrate 1 14 in the zone 502 is preferably faster than the retraction rate near the periphery of the substrate 
1 14 in the zone 504 because the periphery of the substrate rhay dry more slovtfly. 
15 Alternately for patterned substrates, as illustrated in Figure 22B, the substrate 114 can be divided 

into a zone 512 near the center of the substrate, a zone 514 near the periphery of the substrate 114, and a 
zone 516 between the zones 512. 514. In one embodiment the substrate drying assembly support arm 130 
can be retracted while in the zone 516 at a rate tester than that in zone 512 near the center of the substrate 
1 14 (the substrate-center retracfion rate) and faster than that in zone 514 near the periphery of the substrate 
20 114 (the substrate-periphery retraction rate). That is. the center of the substrate 114 may dry more-slowly 
than flie adjacent zone, but the center of the substrate 1 1 4 may dry tester than the periphery of the substrate 
114. 

It will be appreciated by one of ordinary skill in the art that the invention can also be embodted in 
control strategies that employ other numbers of zones and other locations on the substrate 114. It will also be 

25 appreciated that the retraction rate of the substrate drying assembly support arm 130 could be zero mm per 
second, i.e. the ami could be held still, for a period of time in one or more of the zones. 

Referring now to Figures 6, 9A, 9B, and 23-25, the apparatus 100 described herein is uniquely 
anranged to be steckable and to be incorporated into a substrate processing system 700. The substrate 
processing system 700 comprises a first substrate cleaner 702 comprising a fonward portion 704. The 

30 forward portion 704 includes a roteteble substrate support, or chuck 110. a dispenser 108 for applying flukl 
onto a substrate 114, and a prebe 122 to be positioned closely spaced above the substrate to enable a 
meniscus of the liquid to be fonned between the probe 122 and the substrate 114. The probe 122 is 
configured to loosen particles on tiie substrate in response to megasonic en.ergy being applied to tiie probe 
122. 

-25- 



SOOaO: <WO_0210179SA?_L> 



wo 02/101795 PCT/US02/18761 

The cleaner 702 also includes a rear portion 706 that is vertically thidter than the forward portion 
704. The rear portion 706 includes a device for rotating the support 110, such as the servomotor 160, and 
one or more liquid or gas supply lines for conducting fluid to the dispenser 108. The rear portion 706 also 
Includes a drive module 144 for moving the probe, as well as connections for applying ntegasonic eneigy to 
5 the probe. 

The system 700 includes a second substrate cleaner 722. Like the substrate deaner 702, the 
cleaner 722 includes a forward portfon 724 and a rear portion 726 fliat is vertically thk*er than the forvenJ 
pcMtlon 724. In the system 700. the second cleaner 722 can be stacked below the first deaner 702 with the 
forvrard portions being vertically aligned and the rear portions being vertfeally aPigned. In this position, a 
10 space 730 is formed between the fonward portions 704, 724 to pemiit ample gas flow into the space 730 
between the fonward portions of tiie deaners. Steckir^ the first substrate deaner 702 and the second 
substrate cleaner 722 reduces the cleanroom floor space which must be dedfoated to cleaning and drying. 

The vertical thickness of tiie bowl area is minimized by several related tedink)ues, Utilizing Una 
vertically fixed support chuck facifitetes tills by having tiie substrate handling robot provide tiie necessary 

15 vertical movement when transporting a substrate. A mechanism for vertically moving tiie chuck requires 
greater vertical space, whnh interteres wiOi tiie air-flow to tiie substrate area. The stot 198 In the process 
bowl 106 enabtes use of tiie robot wittiout increasing tiie space requiremente because space beneath tiie 
substrate Is desirable for applying liquid to tiie substrate lower surface. The moveable s(4ash guard 134 
pennite the use of tiie sfot 198 for substrate transfer. 

20 As shown in Figures 24-25, tiie first and second substrate cleaners 702, 722 can be mounted into a 

stackabte cleaner mounting system 800. The system 800 comprises a frame 802 defining . a dealer houang 
portion 806, and a plumbing and pneumatic support cabin^ housing portioii 808. 

The cleaner housing portfon 806 provides a space 820 where tiie deahers 702, 722 are mounted. 
Each of tiie cleaners 702. 722 advantageously can be mounted on at teast one drawer sHde 822 comprising a 

25 cleaner fixture 824 mounted to tiie cleaner 722 or tiie cleaner 702. a translating portfon 826, and a finarne 
fixture 828 mounted to tiie frame 802. The fixtures 824, 828 can be configured to sfideaWy interfece witti tiie 
translating portfon 826. The fixtures 824, 828 preferably also are configured to support tiie weight of tiie 
cleaner 722 when it Is wittiin tiie housing portion 806 and when it Is pulled out, as shown in Rgures 24-25. 
AHhough shown retracted w^tiiln tiie housing portion 806, tiie deaner 702 also can be mounted to tiie firame 

30 802 witti a drawer slide 822. The cleaners 702, 722 are tiius fixed vertically, but configured to translate 
horizontally so tiiat Oiey can be pulled out for inspection, testing, sen/fee, and mantenanoe. In one variation, 
tiie cleaners 702, 722 also could be mounted so as to be fixed vertically and horizontdly. i.e. witiiout tiie 
drawer slide 822. 

The plumbing and pneumatic support cabinet housing portion 808 provMes a space 840 in vwWch a 
35 plumbing and pneumatic support cabinet 841 can be positioned. The cabinet 841 can indude. for exampte, 

-26- 



XX:iD: ^WO„02101705A«.I^ 



wo 02/101795 



PCTAIS02/18761 



various liquid and gas hook-up lines, control lines, and the lilce. At least one external hook-up panel 842 can 
. be provided to simplify the connectfon, maintenance, and exchange of the various fluid lines; Also, a control 
panel 844 can be provided to enhance the connectkwi of a controHer and one or more gai^es for monitoring 
the perfbnfnanoe of the deaneis 702, 722. 
5 The pneumatic support cabinet 841 may include a shielding portion 860, one or more facility pass- 

through panels 862, and a pneumatic control signal panel 864. The shielding portion 860 shields tlie cteaneii 
702. 722 from the various components positioned within the cabinet 841 and also protects the components 
wiUiin the cabinet The fadllty pass-through panels 862 provide brie ore more convenient hook-up ports 8W 
for connecting the various fluid supply lines to the cleaners 702, 722. The pneumatic oonbd signal panel 864 
10 piDwdes convenient pneumatic oontrol hook-ups for the deanefs 702, 722. 

It should be recognized that various modifications may be made to the embodiments liiustiatBd 
without departing from ttie scope of ttie invention, and all such changes are intended to M wiflitfn the scope of 
the inventkm, as defined by the attended claims. 



ioocio: <wo_oeioi795AajL> 



-27- 



wo 02/101795 



PCTAJS02/18761 



WHAT IS CLAIMED IS: 

1 . A method of cleaning and drying a generally flat substrate positioned on a rotatable support 
comprising the steps oft 

positioning a transmitter closely spaced above an upper surfetoe of the substrate; 
applying fluid to the substrate to create a meniscus between the transmitter and the rotating 
substrate; 

applying megasonic energy to the transmitter to cause it to propagate megasonic energy 
through the meniscus to the substrate to loosen particles on the subsbBte while ttie substrate is 
rotating at a first rate; 

retracting the transmftteii and 

moving a substrate drying assembly support anm of a substrate drying assembly into 
position closely spaced above the substrate, the substrate drying assembly Includlrtg an outlet for 
applying liquid to the upper surface of the substrate and iricluding an outlet for applying a drying 
vapor to the upper surface of the substrate; 

wherein the substrate drying assembly support ami is rnoved into place as the transmitter is 
being retracted. 

2. A method of cleaning and drying a generally fiat substrate positioned oh a rotatable support 
comprising the steps oft 

cleaning a surfoce of the substrate; 

moving a substrate drying assembly support ami of a substrate dryir^g assembly into 
position closely spaced above the substrate, said substrate drying assembly including an outlet for 
applying liquid to tfie upper surfece of the substrate and including an outlet for applying a drying 
vapor to the upper surface of the substrate; and 

retracting the substrate drying assembly support arm radially putwardly at a retraction rate 
to a periphery of the substrate while applying liquid to the substrate thiDugh the liquid outlet and 
following that with said drying vapor being applied to tiie substrate to dry tfie substrate; 

wherein ttie step of retracting the substrate drying assembly support ann comprises 
retracting at a substrate-center retnaction rate near tiie center of the substrate and a sui)sfrate- 
periphery retraction rate near the periphery of the substrate, the suttstrateK^enter retraction rate 
being faster tiian tfie substrate-periphery retraction rate. 
3. The method of Claim 2, furtiier comprising: 

positioning tiiie liquid applying outlet approximately over a center of the substrate; 

applying liquid to the substrate ttirough the liquid applying ouflet; 

positioning the drying vapor outiet approximately over ttie center of ti^e substrate; and 
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applying tensioactive vapor to the substrate as the substrate is rotating to thereby dry the 
center of the substrate due to the rotation and by the action of the vapor on the liquid; 

wherein the positioning the liquid applying outlet applying liquid, positioning the drying 
vapor outlet, and applying tensioactive vapor steps are perfomied before the retracting step. 
5 4. A method of cleaning and drying a generally flat substrate posrHon^ on a rotatabte 

comprising the steps of; 

cleaning a surfece of tiie substrate; 

moving a substrate drying assembly support arm of a substrate drying assembly into 
position closely spaced above ttie substrate, said substrate drying assembly including an ouHet for 

10 applying liquid to tiie upper surface of tiie substrate and including an ouflet for applying a drying 

vapor to tiie upper surface of ttie substrate; and 

retracting flie substrate drying assembly support ann radially outwardly at a retraction rate 
to a periphery of tiie substrate while applying liquid to the substrates through the liquid ouflet and 
following tiiat witti said drying vapor being applied to ttie substrate to dry the substrate; 

15 wherein at a location between tiie center of ttie substrate and ttie periphery of ttie subsbate^ 

tfie retraction rate of ttie substrate dr^ng assembly support arm is greater tilari ttie retraction rate 
near the center of ttie substrate arid greater tiian ttie retraction rate near flie periphery of ttie 
substrate. 

5. The mettiod of aaim 4, fiirttier comprising 

20 positioning tiie liquid applying outiet approximately over a center of ttie substr^ 

applying liquid to ttie substrate tiirough the liquid applying outtet; 
positioning tiie drying vapor outiet approximately over the center of ttie substrate; and 
applying tensioactive vapor to tiie substrate as ttie substrate is roteting to ttiereby dry the 
center of tiie substrate due to tt>e rotetion and by ttie action of ttie vapor on ttie liquid; 
25 wherein ttie positioning ttie liquid applying outiet applying liquid, positioning ttie drying 

vapor outtet; and applying tensioactive vapor steps are perfomied before the retracting step^ 

6. A metiiod of cleaning and drying a generally flat substrate positioned on a lotatabte support 
comprising the steps of: 

cleaning a surface of the substrate; 
30 moving a substrate drying assembly support ami of a substrate drying assembly Into 

position closely spaced above the substrate, said substrate drying assembly including an outiet for 
applying liquid to the upper surface of ttie substrate and including an ouflet for applying a drying 
vapor to the upper surface of ttie substrate; and 

retracting the substrate drying assembly support ami radially outwardly at a retraction rate 
35 to a periphery of the substrate while applying liquid to the substrate through tiie liquid outiet and 
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following that with said drying vapor being applied to the substrate to complete the dr^ng action of 
the substrate; 

wherein the substrate is rotated in a range between about 50 rpm and about 1,000 rpm 
while the retraction rate is in the range between about 1 mm per second and.aboiit 20 mm per 
second. 

7. The method of Claim 6, further comprising 

positioning the Ijquid applying outlet approximately over a center of the substrate; 

applying liquid to the substrate through the liquid applying outlet; 

positioning the drying vapor outlet approximately over the center of 

applying tensioactive vapor to the substrate as the substrab is rotating to ttiereby dry the 
center of ttie substrate due to the rotation and by flie action of the vapor on ttie liquid; 

wherein ttie positioning the liquid applying ouflet, applying liquid, positioning the drying 
vapor outiet; and appl^ng tensioacb've vapor steps are peirformed before the retaacting slep. 

8. The metiiod of Claim 6, wherein during the dr^ng operation of the upper surfeK^e of flie 
substrate ttie subsfa^te is rotated in a range between about 200 rpm and about 1,000 rpm while the retraction 
rate is in ttie range between about 4 mm per second and about 9 rnm per second. 

9. The mettiod of Claim 6, whereiri ttie step of rebBcting the subsb^te drying assembly 
support ami comprises using a stepper motor to rebact tiie subsbate drying assembly support arm. 

10. The method of Claim 6, wherein tiie refraction rate comprises a range of rates up to and 
including a maximum rate, and wherein ttie maximum rate is increased as the rate at which the subsbate is 
rotated is increased by about 0.5 mm per second for about each 1 00 increase in ttie revolutions per minute of 
ttie rotation of the substrate, 

11. The method of Claim 10, wherein the maximum rate at which the drying arm is retracted is 
about 5 mm/sec when ttie rate of rotetion of ttie substrate is about 300 revolutions per minute. 

12. A method of drying a generally flat substrate that has been cleaned, the subsbate 
positioned on a rotatable support the method coniprising ttie steps of: 

selecting at least one of a blanket substrate drying process window if the subsbate has a 
blanket portion or a patterned subsbate drying process window if the subsbate has a patterned 
portion; 

moving a substrate drying assembly support arm into position ciosely spaced above the 
subsb'ate, the subsbate drying assembly including an outlet for applying liquid to an upper surface of 
the substrate and including an outiet for applying a drying vapor to the upper surface of the 
substrate; 

rotating tiie substrate; 
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retracting the substrate drying assembly support arm radially outwardly aocording to the 
selected drying process window to a periphery of the substrate while applying liquid to the substrate 
through the liquid applying outlet and following that vinth said drying vapor being £^piied to the 
substrate to dry the substrate. 

13. The method of Claim 12, further comprising: 

positioning the liquid applying outlet approximately over a center of the substrate; 

applying liquid to the substrate through the liquid applyirig outlet; 

positioning the dr^ng vapor outlet approximately over the center of ttie substrate; 

applying tensioacb've vapor to the substrate as the substrate is iptaBng to thereby diy the 
center of the substrate due to the rotafion and by the action of the vapor oh the 1^ 

wherein the positioning the liquid applying outlet applying liquid; positioning the drying 
vapor outlet; and applying tensioactive vapor steps are perfomned before the retracting step. 

14. The method of Claim 12, wherein the blanket substrate drying process wndow comprises a 
range of retraction rates up to and including a maximum rate, and wherein the maximum rat^ is increased as 
the rate at which the sut)strate is rotated is increased by about 0.5 rnm per sebond for abbut each 100 
increase in the revolutions per minute of the rotetion of the substrate, and whereiri the maximum retraction 
rate is about 5 mm/sec when ttie rate of rotetion of the substrate is about 300 revolutions per minute. 

15. The method of Claim 12, wherein the pattemed substrate drying process window comprises 
the range of retracfion rates up to and including a maximum rate, arid wherein the maximum retractton rate is 
increased as the rate at which the substrate is roteted is increased by about 0.5 inm per second for about 
each 100 increase in the revolutions per minute of the rotetion of the substrate, and wherein the maximum 
retraction rate is retracted is about 4 mm/sec when the rate of rotafion of the substrate is abbut 300 
revolutions per minute. 

16. the mefliod of Claim 12, wherein during the drying operation of the upper surteoe of the 
substrate the substrate is roteted in a range between 50 rpm and 1,000 rpm while the retriactton rate of tiie 
drying ami is in the range between about 1 and about 20 mm per second. 

17. The method of Claim 12, wherein during ttie drying operation of the upper surface of the 
substrate the substrate is rotated in a range between 200 rpm and 1,000 rpm while the retractiori rate of the 
drying ami is in tiie range between about 4 arid about 9 mm per second. 

18. The method of Claim 12, wherein the step of retracting the substrate drying assembly 
support am comprises using a stepper motor to retract tiie substrate drying assembly support anm. 

19. The metiiod of Claim 12, wherein the retraction rate comprises a range of rates up to and 
including a maximum rate, and wherein the maximum rate is increased as flie rate at which the substrate is 
rotated is increased at a rate of at a rate of about 0.5 mm per second for eadi 100 increase in the revolutions 
per minute of the rotation of tiie substrate. 
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20. The method of Claim 1 9, wherein the maximum rate at which the drying arm Is retracted is 5 
mm/sec when the rate of rotation of the substrate is 300 revolufions per minute. 

21. A method of drying a generally flat substrate that has been cleaned, the substrate 
positioned on a rotatable support, the method comprising the steps of: 

moving a substrate drying assembly support arm into position closely spaced above the 
substrate, the substrate drying assembly including an outlet for applying liquid to an upper surface of 
the substrate and including an outlet for applying a drying vapor to the upper surface of the 
substrate; 

. retracting the substrate drying assembly support anm radially outwardly at a retracHon rate 
to a periphery of the substrate while applying liquid to the substrate through the liquid applying outlet 
and following that with said drying vapor being applied to the substrate tb complete the dr^ action 
of the substrate; ' ' 

wherein the step of retracting the substrate drying assembly support arm comprises 
retracting at a substrate-center retraction rate neiar the center of the substrate and a substrate- 
periphery retraction rate near the periphery of the substrate, the substrate-center retracHon rate 
being faster tiian flie substrate-periphery retraction rate. 

22. The mettiodofClaim 21, further comprising: 

positioning flie liquid applying outlet approximately over a center of the substrate; 

applying liquid to the substrate ttirough the liquid applying outtet; 

positioning the drying outiet approximately over the center of the substrate; and 

applying tensioactive vapor to the substrate as the substrate is rotating to thereby dry the 
center of the substrate due to the rotation and by the action of the vapor on the Fiquid; 

wherein ttie positioning tiie liquid applying outiet, applying liquid, positioning tiie drying 
vapor outiet; and applyir^ tensioactive vapor steps are perfonmed before the retracting step. 

23. The metiiod of Claim 21, wherein at a location between tiie center of ttie substrate and the 
periphery of tfie substrate, ttie step of retracting ttie substrate drying assembly support arm comprises 
retracting at a rate faster ttian the substaate-center retraction rate and faster than that the substrate-periphery 
retraction rate. 

24. The mettiod of Claim 21, further comprising ttie step of holding ttie substrate drying 
assembly position constent at ttie center of ttie substrate while ttie center is dried. 

25. The mettiod of Claim 21 , further comprising the steps of stopping the application of liquid to 
ttie upper surface of ttie substrate near the periphery of ttie substrate, and stopping ttie application of drying 
vapor to the substrate afler flie application of liquid to ttie substrate is stopped. 
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26. The method of Claim 21, further comprising the step of greatly irrcreasing the rate of rotation 
of the substrate at the completion of the drying of the upper surface of the substrate so as to dry a lower 
surface of the substrate by centrifugal action. 

27. The method of Claim 21, further comprising the steps of stopping the retraction of the 
5 substrate drying assembly support arm near the periphery, stopping the application of liquid to the upper 

surface of the substrate near the periphery of the substrate, and stopping the applicaiibn of dr^r^ vapor to 
the substrate after the application of liquid to the substrate is stopped. 

28. The method of Claim 27, wherein the step of applying dryir^g vapor to tjie substrate is 
stopped before the substrate drying asisembly is retracted beyond the outer periphery of the substrate. 

29. An apparatus for cleaning and drying a generally flat subsbrate comprising: 
a subsfrate support positioned within a process bowl; 

a transmitter configured to be spaced above the substrate, the transmitter being configured 
to propagate megasonic energy and configured to be extendable into and out of the process bowl; 
a fluid dispenser for applying fluid to a surface of the substrate; 

a substrate drying assembly configured to be spaced above the substrate, the substrate 
drying assembly including an outlet for applying liquid to an upper surface of the substrate and an 
outlet for applying a drying vapor to the upper surtece of the substr^, the substrate drying 
assembly configured to be extendabb into and out of the process bowl; and 

a controller configured to cause the transmitter and the substrate drying assembly to be 
extended from the edge of the pnocess bowl to a position over the surface of the substrate, and to 
cause the transmitter to be retracted from the process bowl as the substrate drying assembly Is 
being extended. 

30. A apparatus for cleaning and drying a generally flat substrate comprising: 

a rotatable support for supporting the substrate, the support positioned within a process 

bowl; 

a transmitter configured to be spaced above the substrate, the transmitter bemg configured 
to propagate megasonic eneigy and configured to be extendable into and out of the process bowl; 
a fluid dispenser for applying fluid to a surfoce of the substrate; 

a substrate drying assembly configured to be spaced above the subsbate, the substrate 
drying assembly including an outlet for applying liquid to an upper surteoe of the substrate and an 
outlet for applying a drying vapor to the upper surface of the substrate, the substrate drying 
assembly configured to be extendable into and out of ftxe process bowl; and 

a controller configured to cause the transmitter and the substrate drying assembly to be 
extended from the edge of the process bowl to a position over the surface of the substrate, to cause 
the transmitter and the substrate drying assembly to be retracted from a position over the surface of 
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the substrate to the.edge of the process bowl, to rotate the substrate m a range of rates between 
about 50 revolutions per minute and about 1,000 revolutions per minute during the drying of flie 
upper surface of the substrate, and to retract the substrate drying assembly in a range of rates 
between about 1 mm per second and about 20 mm per second. 
5 31 . The apparatus of Claim 30, wherein the controller is configured to rotate the substrate in a 

range of rates between about 200 revolutions per minute and about 1,000 revolutions per minute during the 
drying of the upper surface of the substrate, and to retract the substrate drying assembly in a range of rales 
between about 4 mm per second and about 9 mm per second. 

32. The apparatus of Claim 30, further comprising a stepper rnotor to cause the substrate 
10 drying assembly to be retracted. 

33. An apparatus for drying a generally flat substrate that has been cleaned, the dr^ 
apparatus comprising: 

a rotatable support for supporting the substiBte; 

a substrate drying assembly comprising an ouflet for applying liquid to an upper surface of 
15 the substrate and an outlet for applying a drying vapor to the upper surface of the substrate, ttie 

substrate drying assemt)ly configured to position the liquid applying outlet and to posifion the vapor 
applying outlet above a portion of thie substrate; and 

a controller configured to cause the substrate drying assembly to be retracted over the 
surfece of the substrate at a range of rates up to and including a maximum rate, wherein the 
20 maximum rate is increased as the rate at virhich the substrate is rotated Is increased by about 0.5 

mm per second for about each 100 increase in the revolutions per minute of the rotation of ttie 
substrate, the controller also configured to cause the roteteble support to bhange the rftte of notafion 
of the substrate while the substrate drying assembly is over the substrate. 

34. The drying apparatus of Claim 33, wherein the controller retracte the drying arm up to about 
25 5 mm per sec when the substrate is roteted at about 300 revolutions per minute. 

35. An apparatus for drying a generally flat substrate that has been cleaned, ttie drying 
apparatus comprising: 

a rotetable support for supporting tiie substrate: 

a substrate drying assembly comprising an ouflet for applying liquid to an upper surteoe of 
30 the substrate and an ouflet for applying a drying vapor to the upper surtece of tiie substrate, ttie 

substrate drying assembly configured to position the liquid applying ouUet and to position the vapor 
applying ouflet above a portion of ttie substrate; and 

a controller configured to apply at least one of a patterned substrate process window or a 
blanket substrate process window, to cause the substrate drying assembly to be retracted oyer the 
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surface of the substrate, and to cause the rotatable support to change the rate of rotation of the 
substrate white the substrate drying assembly is over the substrate. 

36. The drying apparatus of Claim 35, wherein the blanket substrate process window <x)nfiprises 
a range of retraction rates, and wherein the maximum rate is increased as the rate at which fhe substrate is 

5 rotated is increased at a ratQ of about 0.5 mm per second for about each 100 increase in ttie iBvolutions per 
minute of the rotafion of the substrate, and wherein the maximum rate at which ttie drying arm is retracted is 
about 5 mm per sec when the rate of rotation of the substrate is about 300 revoluQons per minute. 

37. The drying apparatus of Claim 35, wherein the patterned substrate process window 
comprises the range of retraction rates up to and including a maximum rate, and wherein the maximum rate is 

10 increased as the rate at which the substrate is rotated is increased at a rate of about 0.5 mrp per second for 
about each 100 increase in the revolutions per minute of the rotation of the substratei and wherein the 
maximum rate at which the drying arm is retracted is about 4 mm/sec when the rate of rotation of the 
substrate Is about 300 revolutions per minute. 

38. An apparatus for drying a generally flat substrate that has been cleaned, the drying 
15 apparatus comprising: 

a rotetable support for supporting the substrate; 

a substrate drying assembly comprising a substrate drying assembly support arm, an outlet 
for applying liquid to an upper siirtece of the substrate, and an outtet for applying a drying vapor to 
the upper surtece of the substrate, the substrate drying assembly configured to ppsWon flie liquid 
20 applying outlet and to position the vapor applying outlet above a portion of the substrate; and 

a controller configured to rotete the substrate in a range of rates i)etween about SO 
revolutions per minute and about 1 ,000 rovolutions per rtiinute during the drying of the upper surface 
of the substrate, and to retract the substrate drying assembly support ami in a range of letractton 
rates between about 1 mm per second and about 20 mm per second. ; 
25 39. The apparatus of Claim 39, wherein the controller is configured to rotate the substrate in a 

range of rates between about 200 revolutions p^r minute and about 1,000 revolutions per minute during the 
drying of the upper surface of the substrate, and to retract the drying arm in a range of retraction rates 
between about 4 mm per second and about 9 mm per second. 

40. The apparatus of Claim 39, further comprising a stepper motor configured to cause the 
30 substrate drying assembly to be retracted. 

41. An apparatus for drying a generally flat substrate that has been cteaned, the drying . 
apparatus comprising: 

a rotatable support for supporting the substrate; 

a substrate drying assembly comprising a substrate drying assembly support arm, an outtet 
35 for applying liquid to an upper surface of the substrate, and an outlet for applying a drying vapor to 
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the upper surface of the substrate, the substrate dr^ng assembly configured to position the liquid 
applying outlet and to position the vapor applying outlet above a portion of the substrate; and 

a controller configured to cause the substrate drying assembly support arm to be retracted 
over the upper surface of the substrate at a faster rate near a center of the substrate tfian near a 
periphery of the substrate. 

42. Thee drying apparatus of Claim 42, wherein the contnDller is configured to retract the 
substrate drying assembly faster at a location between the center of the substrate and the periphery of the 
substrate, than that near the center of the substrate, and faster than that near the periphery of the substrate. 

43. The drying apparatus of Claim 42, wherein the controller is configured to hold the substrate 
drying assembly position constant at the center of the substrate while the center is dried. 

44. The drying apparatus of Claim 42, wherein the controller is configured to stop the 
application of liquid to the upper surface of the substrate near the periphery of the substrate, and is configured 
to stop the application of drying vapor to the substrate after the application of liquid to the substrate is 
stopped. 

45. The drying apparates of Claim 42, wherein the controller is configured to stop the retractim 
of the substrate drying assembly support arm near the periphery of the substrate, is oonfigursd to stop the 
application of liquid to tiie upper surface of tiie substrate near the periphery of the substrate, and is configured 
to stop the application of drying vapor to flie substrate after the application of liquid to the substrate is 
stopped. 

46. The drying apparatus of Claim 46, wherein the controller Is configured to stop the 
application of drying vapor to the substrate before the substrate drying assembly is retracted beyond tiie outer 
periphery of the substrate. 

47. The drying apparatus of Claim 42, wherein tiie controller is configured to greafly increase 
the rate of rotetion of tiie substrate when the substrate drying assembly has been retracted to tiie periphery of 
the substrate. 

48. The drying apparatus of Claim 42, furtfier comprising a drying assembly linear module 
configured to receive inputs fiom tiie controller and to position tiie substrate drying assembly in response to 
tiiose inputs. 

49. An appanatus for drying a generally flat substrate ttiat has bem cteaned, tiie drying 
apparatus comprising: 

a rotatable support for supporting the substrate, tiie rotetable support configured to be 
rotatable at a first rate and a second rate, tiie second rate being much greater than the first rate; 

a substrate drying assembly comprising an outiet for applying liquid to ah upper surface of 
tiie subsbBte and an outiet for applying a drying vapor to tiie upper surface of the substrate; and 
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a splashguard configured to prevent spiash-back onto the sutetrate when the rotatable 
support is rotating at the second rate. 
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